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llif,l  I s]mtial  IcsolutioII  ohsc]vat,iolls aIc l) IcscIIt,cd of t,lIc c.oIJIlmct  ou t f lows

.moc.iatd  Wltl) illc yolll)$,  ])1’otostars ‘J’N4CI (I RAS04381-I  X)40) a]]d ‘J’MCIA

(lltA~ 04365-{ 2535) i]] ‘1’sums. lhniss;ol]  ill ~()(1 -()) illla~,cd witlt  tlic OWCIIS

\/a]]cy lI)i]]ilJ]ct,CJalIfi~  s} Ic)ws tlIe. outflow  lolws  h ljccol)ical  dost:  to  tlIcstaI.

Allal~~sis of L]IC mtfiow dyJJaIII;  c.s iJtdic.:ilm t,]lat L]ICSC o~)~(:c.ts  aYc lo\iI-]IIIIIiIIc)sit~~

Vcl’sjolls  o f  th(! cJlcJ’&ctic  outflows  JIIOI”C  WJiIIIIOJI]y OINCJ”VCX{.  Nc,ar-illfraled

ilJlaf,(!S at )) a n d  h’ S]IOW a C]CKC CC)J’II!S]  )C)II(]CIICC bdWC!CJl J“Cf[di  OIl JdWk)Sity

alId tllc locatiol)  ofl)if,ll-v  clc)c.itjy  /,as , aIId suf;f,cst  tlIc  outflow cavity  is cvacuatd,

as do ])ositio])-velocity” diqyams  of tJIc CO(2 1). (;cuJ]]wisoJi  of tlIC .): 1- ()

Llallsitio]l  ~~’itl)  c]]-) issio]iilltl)c?- 1 lillci]l(licatcst  llattllccx  c.itai.io]l  tfCJJI])OatLllC

iJi tllc hif,lbvdocity gas is lii$,lm t,l JaII tlIC sum)ulldillf,  ‘I’au Jus c l o u d .  WC l)law

lil JlitsoI] tl)eil)cliltatlic)llof Id]) c)l)jccts l\~~cclll]])alillg,  tllCc]?lta wit]] tlicwctical

outflow  IJlOCldS)  a]id Co)ic,luclctlliat,  ~ w 4 0  700 for l. K)t,lI objcxts. ‘.I ‘I!c d(!] )J’ojc!dd

opmiinr,  allfjcsoftl)cc)[ltflc))t~  C.OIICS arc  tlIf2JI  ill tlIc JaIIp,e30 4 0 ° .

NOJIC of tlIc  CUJJCJIt outflow JIIOddS satisfactorily m])lai]ls  tlIC Imults foI

‘J’hfl(;]  aIId ‘1’h4~l A, w]lic]i arc aIJIOIIF,  tlI{: youIIr,mt  (;]ass 1 sourms ill ‘J’auIus.

\~7cfi]id t]ici]’ouiflow  SLI’IICtLIJCS]  IaJCS l]iilll}~sill)i]  alitics\!it]] tlICIJIOICC Jl)SCLIICCl

all[] ]K)SSih]}T yOUll~CJ’  (J]ass () O])jcc.ts, ]]~~~~b .3Ild  ],] 448-(;. ‘J’IIc JJlai Jl difl’(!lcllc.c  is. .

(]ic]c)\v(:l]llcc]laJlical  ]llJ]liJlc)sitics  {}ft]}c’]’hq (;] aJId ‘1’h4(; lA outflows, Jcflmtill/,

ZI faCk)J’Of  3 4 SIJla]]CJ”  ]iIICaJ’ CX(CIltaJICi Vdocity,alld faCk)J’of]()  ZO ]OWCJJII;  ISS

t]l:lJl  111(! 1,1448  (; JII()]ccu]aJ;  d SO1lI”CC. ‘J ‘ak(’11  k)~,ctllcl,  t]]{’ foul”  ]Wotost,al s Sllal’c

!II(I (OIIIJIIOJI  ])ro])clticsof  1) coJli(al outflol!”  lol Jcs C](MC to tllc star, ?.) cvii((latc(]

ol)tflolv”  (avitics,  aII(l 3 )  Iclati\’{>ly  wide 3 ( ]  43°  ol)cllil)~, aII~,l(x. A  succ.cssfll]

tlIcOI~  o f  )rolJl)F,S  {( ’]lal’o  lJtf]()\!’S”  JIJll Sf 1)( ;I1)Ic  to f’xj)]aiJl  l]Irsr c]l;llacl(]ist,ics.



,$uL<jccL  ltcadiII{/s:  stars: for] ]]at,io]]  ISM:  j e t s  aItd m l{IOWS  rcf{cct,ioII  IIC1.)ula(,

S t/a l ’S :  iII(lividual:  ‘J IMCI , ‘1’h4(:l  A
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1. JIltrotlllctiol]

A l l  StWS ELI-C  thOU@t  tX) fI;O  t]ll’OUF,]l  a ])]):1S(!  Of (! IIC!I~,CtiC  lllaSS ] 0 S S  dul”ill~, t]l Cil’

fo] JllatiOll,  I1lOSt cw]]”]]no]dy O1)SCI’VU]  aS l)iF,li-vcloc.  ity ]]”]o]ccu]a]  outfiows. It is sti]] lJOt, c,lcaI

l I o w  tlIe outf]ows  arc drivclI, IIOr IIow tlIc II)olcxular  gas is accclcrakcl, yet it is csscxltial to

uIIclcmtaIId  out f lows  if stal follllatioll ilk fI,cv IcIal  is to l)c uIIclcrslx)od.

A co]nlno]]  outf low lllcclla~lisln  ill both  low a]ld IIigli-lllass  sourcm  is iln])liccl by {IIC

~,ood C.Ol”J’C]a.tiOllS  foul)d  bctwccJI t]lc bo]olIIc!tJ  ic. WJul’cc ]ull!il  KEity aJId outflow  InoIncJIt,m  II

flux  alId outfkw lncxllallic.al  lulnillosity  f o r  yOIJJIg stars (Ilally  &  l,ada 1983; l;dwards,

)ky>  &. h4u1)dt  1 9 9 3 ;  ~abl’;t  & ]k!l”kNlt  ]{)()?). ]f t]lCJ’C iS a COIIIIIIOJI JIIC!C~laJliSJl”l  WC! JIli@lt

cx])cct tl]c  l)llysical  a]ld Clylia]nica]  pro]mtics  of’ ouiflows  froln  low al]d IIigll  )liass  ob jec t s

to k s;]nilar.  lkclJt  lJlodcls  for tllc clrivili~,  of Illolc.c.ular  outf lows (e.g., SIIU ct al. 1 991;

h~aSSOJl &  ~]icrIliJi  1 $){)?, ]093;  $ta~l]cJ ] 994) ]Itivc ~)cf,uII  to JIJakc  ddiJ)itc! ])mdic.tiolls  fol-

t)]c obscv”vcd  stI”LIcturc  of o u t f l o w s ,  })al”ticu]aI ]y C.]OSC to tlIc cxc. itillf, star. ] ] i~,]l s])atia]

l’(.Wlutio Jl okJwatiolls  of tllc outflows flOJll II(!al’l)y  ])1’OtOSt?LJ’S> wllicll arc ])rcdo]nillmltly

low-  ll”laSS, t]lCJ’CfOJ’C! llavc W ])otcultial  to distill f,LJisll I)ctwcc!ll difl[vcnlt  I!lOdC!]S.

‘J’l)c  Strollgcst  coJlstJ’aillts 011  t]Ic dlivillf, a n d  aCXdCI’a~iOll  Illc!c]lallislr)s  of outflows

aJ c l)cstf ol.)taillcxl thl”ou:ll  Obscrvat’iolls  o f  ~011 Jl&, u I Icvol vcd outflow’s, wllmc tlIc cloud

cx)Jc 11.3s  IIO!l yet lJC!C!I”I si~;llificalltly  dis~)cJ scd l~y tllc ])1 occss of stal fol II)atiol].  S t a t i s t i c a l

iiYF,u J I ICJ)tfS il)dicat,c tlIat o u t f l o w s  staIt WlICII tllic cclltJal protost,ar is less tlIa,JI a fcw

X)04 ~(!al’S 0](]  (])a J’kC!l’> ])adlllall} & Scott  1 9 9 1 ) ,  as does LII(: rccmtt study of \~J,A 1623

(AJIdJL, \4~:i111-’1’11c,III]  JscIII, t?. ]]al”SOll~ ] 993).  \“iC JI)i/,]lt  t]l CICfO1’C’  ]IO]K! (0 find t]lC ~OIJJ1/,CSt,

]cast-  evolved outflows frol)  I tlllc ]) IOtc)staM wllicll  lIav(\ lIot yc.t acxulI  Iulatcd lIIuclI II)ass.

‘1’()  ~J’~ to (]jst,;JiF,[lis]l  betwccII  \’aJ;olls  ]IJodcIs  f o r  (,]]c out,f]ow  dIiviIIgI; lllcc])ali;sJ)) al)d

tlI(’ a(({l(:l:i(ioll  of ;il]ll)i(vlt  [~as, we ]Ia\~c caI I i((l olli  a dcl aile(l,  lli~,ll-1  csolutiol!  stLJdy  o f

t!\! ’() -yollllr,  (’JIll)(!ddd Solll (xx ill tll(’ IIc.al”l)y ‘]’au]  Ils star -f ’or])  )i])pl l’(’~,; OJl: ‘I’M{}] (l I{,AS



(M381-I  2:)40) aIId ‘J’MCIA  (lRAS 04365-1 2:)3:)). ‘l’lIcy IIavc tll(!  Stcc]wst  2 to 2:) //11)  S])(!c.tral

iIJd  CX of  {]1(:  ol)~[:c.{s iII ‘J ‘alll’us SUIVC!~ICd iII (]IC$ illfral(:d  b]’ h4YCIs Ct ~]. (] 08’(), suf,gcsti]l(;

tlIat tlIcy arc two o f  tlIc youl)~,c.st a lId lI)ost dcq)ly cl IIMdcd  sourc.cs ilI tjl]is  lc$;ioll,

aIId lIavc lulllil)ositics  of 0.73 I)G) aIId 2?.4 IJ(.) Icsjw.tivcly. IIotll  oL)jcCts  lt’clccllif,illally

rqmtcd IIOt to llavc  outf!ows  ill lqI;c-kmTII , sili~)e-disll  sul-vcys ,  Lut  Wc!l”csllowll  to IIavc!

lli~,ll-l~cloc.ity,c  oll]])actcll  lissic~ll  ill Lllcilltclfclt)lllctclsllal)sllc)t  survc.  yof ‘lk:lcl)cy,\~c)F;(:l,  &

N4ycl”s ( 1 9 8 9 ) .  ‘J’llcy  arc thc!l’cfm! F;OOd c.mldidaks for llavin/?, youll~,, COIIl])aCt, UIICVO]VCX]

outflows.

‘] ’c) study i,lIc c]lcq,dics  of L}ic. ]lir~l-vc~ocity  F,as ill ‘] ’h4<}] a]ld ‘] ’h4(; ] A, and  to cxa]ni]]c

i ts  s] Itall-scfilc  St)mc.turc, wc lIavc lwrforj]icd ]li~,ll-mmlutioll  ill)af,ilig of lmtl  I soumx  il) U)

J :  1 - 0  and ~= 2-1, aIId iII t,l)c IIcar-ild’ralcd  colitiliuulr].  lklow  wc Clcscri})c tlic rcsu]ts  a]ld

c.c)lIJ])arc  oul data wit]) ])dictimls  fro]])  ICC.CIItl  outflow  ll-JOd ClS, ])rc)viclillg  IICWT c.ollstrailjts

<)]) t,l)c drivil]g  IIlccllallis]l]  of ouiflows.

l“ul] a]xrt$urc  syl]tl)csis  l[la]~s  of ‘1’k4Cl alI(l  ‘J’h4(;l  A i]) C() 3= 1 -0  were  Ir]adc [Isillf,

t)]c owcv]s Val]cy  Mill iInctm AIJay duri]lF,  tlIc  ]wriod  1988 Jaliualy  to Ju]ic.  ‘J’l]c alm)]ut,c

f l u x  Sc.alc was cstablislle.  d fml]l  ol)sclva{)iolls  of tlIc  ])la]]cts,  mtd results  ill aII (:still)akd

ullcdaillty c)f 1 5°~). S]wc.t]al lillc data were ol)taillcd  usi]l~, a filter I)al]l<  wit,]} 3? cllallllcls

at 1 N411Z  (m kill s“ ] ) rmolutim,.  Aft(,. calibration, t]Ic data ~vwc iIIIaF)Cd  ~lsili~,  t,]I( A ll)S

r{xlllctic)l)  1 )ackap,c. ‘J1lIC rcsolutiolts  (1’’\4Tllh4)  of tl]c C() l)ca]l]  ll)adc  \vitll Illiifollll  \Tv.i$,lltillp,

Ivcrc  ‘/.() x 6.8”  at ))A 2S0 fo] ‘1’h4(; l A  a]Id ‘(.3 x 6 . 6 ”  at I)A 8° fol ‘I’M(;  I . ‘1’IIc r]t]s llt)is(’

i]t cac]t clla]l]l(~l  is ().38 ,ly/lJ(’aTIt  fol ‘1’14(; JA, :llld ().]!)  dy/]Km?II  for ‘1’h4  (:1.



(i

2.2. (X) J: 1- () observations using  tl]e Nll AO 12- in

A  siII{I,lc-dislI  s])cctIuIII of  t,]ic (10 ~: 1 - 0  clnissioll frmn ‘J’M~l A  was IIIadC ill 19{)1

April usill~, LIIC. 1 ?-I II kkscq)c of tlIc NatioIIal  I{adio AstmIIoIIry  0krvatory2  at Kitt 1 ‘wk.

‘1’l]c vclocitly rcsolutiml  was 0.1 2’/ k]n s- 1 a]ld tlic lwa]n  was 60” at 2.7 ]n]n.  h4011it,ori11~;  of

tl]c po;lltill~, and focus s]mwcd  t]tcy  WCJC ~ood to 15“ aIId 10%,  rc!s]mctivcly. ‘~ ‘]IC data WCIC

(’01’I”CCtC!d fol” fO1’WZIJ”(i  SC.attCTiJl~; and S])i]]OVCJ”  O1l-]i JIC k) F;i VC S] K!CtJ’a C)f ~~{. ()})  SC! J’VatkDIS Of

{l]c flux calibratiml SOUKW Or;oll  A slIowcd tlIc al.)soluk cal;b]at;cni  of Y;{ was witll;n 1 0 %

aJId  flux rc]xa.ta~)i]ity  was b%. ,S;llcx! ?;{ rcfcls to a  SOUJ’CC! cxknldcd  J’da~iVC to t}Ic lnaill

l)ca~n, aIId tlIc  clnissio]l  frOIII ‘J’h4Cl  A is rclativc]y  colll])act  col]ll)arcd  wit]] 60” (SCC ~ 3), wc

])avc fUlt]lCJ’  Com!ctc!d  our d a t a  to lIlajJl  I.xaln Lrigllt)lcss k!Jl)])ClatAIJ’C,  7\f~; by d;vidi]]~;  ]J~

0.82 (l’. Jcwcll,  ])rivak co]]]]~]~lllicatjc)~l).

2 .3 . CX] J== 2 -1  obsmwttions  using  il]c JCM2’

‘J’llc  ()() J= 2- 1 obscnmtio]ls  of ‘J’h4  Cl al)d ‘.l’h4Cl  A were carried o~Jt  at tllc J 5 II) Jalnes

CICJ1{  h4 axvm]l ‘J’clcsc.o]w (J Ch4’J’), o]] h4 au]la  Kca, 11 awai; . ‘l’MC] A was obscJwccl ill 1990

St’l)t,clll})cr,  a]ld ‘J’MC1 ill 1991 Sc])tmIilmJ. 110{11 Sets of ol.)sc!J’vatioIls Used tllc COII”IIIIOI1-USC1

~c])ott,ky  rmc;vcn,  aJId  aII acc)usto  o])tica]  s])cx’tl”olI1ctCl  (AOS) Wit]l a c,] JaJIllc] s])acill$,  o f

2J)0 I(IIY,, a.JId a rcso]utioll  of 330 kl]z. ‘J’IIc bCaIII  widt])  at 230 C;]]Z  is about 21”. ‘J’y])ic.al

clo~ll)lc-sicl<:l):i.]lcl  systmn kwJl]mraturcs  were 1000 - 2000 1<. l]ltcgrat,io]~  til[ws of alou]ld  400

Sccollds,  i]]cludi]lg;  OJI and of[ J)osit,iolls,  yicldd  al I JIns l~oisc  (ill units  of ?;) of 0.24 ]{ ])c]

Clla]lllcl. ‘1’IIc ])oi]lt,i]t~  was clIcckcd  llsi]i~ Cl{] ,618 cvmy 1-2 IJours,  aIId was  found  to I)c

~,oo(l 10 :)”.

2’J’I)c  National ILadio Astmlloll)y  ol)sc]vakry is  a  f ac i l i t y  o f  tlIC IVatio]]al  ScicIIct,

l’()~]ll{laiio]l  <)])c]at,cd  uJIdw  c.ool)mativc  at,](:c]l  I~JIt  I )y Associat,cd  (1]) ivcrsjtic,s,  ] ]1(..



All ofl’-])c)sition 10 arcIIIi  IIuks casl of t]Ic prop, raIII SOUICC w a s  ado])kd ill cmc.11  (MC.

$iIIcc tfIIC ‘1’au)us  cloud  is so cxlml  Idcd, it, is diflicult  Lo filId a ~,ood c ]~ l i s s io ] i - f ree  rcf;io])

to usc  as al I ofl’ ]msit ion. ‘Jb II)ail]taill  IKKKOIIZLIC Ixmclillcs  wc w e r e  rcstrickcl to usiug; a.

positiol I relative] y close to cacll  sourcca ‘J’}IcI c k tllcrcforc a serious ])ossibility of cJI-)ission

at tlIc ofl” ~)ositio)l. IIowcwcr,  siIicc we arc i]lkrcstccl  ]I]ai]lly i]] tlIc  IIigl)-velocity mnissioli

away fm II t}w cloud systo  I-ii  c. velocity, wc 1 I avc I 1-1 adc I IO attknn  ] )t to c.orrcc.t  tJIc resu  I ti I If,

011- oft” spectra for c]llissio]l ill tlIc ofl~l.mam. ‘1’lIc lIla])s arc fully  -sa]n])lcd,  with a ]millt,

sl)ac,ill~  of 10”. 1 )uc to tilne  cc)]) strai]lk  clurill~ tlIc  obsmvi]]g,  wc cc)] Iccntratcd oII II]a]q)iIlg

oIIly IJIC ]na.  i]], extended outflow lok in cac.1) source (i.e., tlIc b]uc  IOLW i)] ‘J’MCIA alicl tllc

rcd  10}w ill ‘J’h4  Cl ). WC also  ol)tail]cd  S]WC4J a at ofl’sck of  30” fro]]) t]lc  ccIItrtIl  soLIrcc i])

(IIC dircctio]] of tl]c  op])ositc  lob+ but IIo llit~]-velocity cInission  was  fcm]id ill citllcr case.

‘J’IIc data reduction a]ld ii]].aF;c ])rocmsi]lg  were carried out usi])~;  S1)IKX mid A ll)S.

III order t o  co)npare t]ic  Sillg)c-dis]!  data di] ectly wit]i  t,]tc i]ltcrfcroll]ctcr  Inajm,  wc )Iavc

coIlvcrtcd tJIc JCMrJ’ spec t ra .  fro]n u?lits of 71 to Jy/tma.rll. A lillcar tmsclillc  has l)CCII

l’cJ I1 O V C K] fl’01 I I al] t]IC SJ)CC.tI’~,  W] liC.h }IaVC ~]lc!l I k!]) coxrccted  fOJ’ fOIWal’d sca.tkri Ilg and

s])jllovcr  by dividing  by ljf~$  =- 0 . 8  to give  q~{) aJld lnultip]icx]  b y  ] g Jy/l)ca.JII/1<. ‘J’]Ic rInS

JJoisc  ])cJ” c]lal)nc]  is Lllc!rcforc b.~ Jy/lmaII).

2.4. N e a r - i n f r a r m ]  ima~,i]]~  at t]IC IIalc 5-III (X’]C!SCX)J)C!

Neal-i l lfrarcd 11 aJid K i])m~,cs of ‘JIMCI a])d ‘J1h4C1  A were oljtai]lcd ill 1988 I) CCCII]LC]

usil)?,  tllc l’1~111.(;AM  ill frarcd c.alncxa IJJou]Ittcd at tltc  ])rillic  focus of tllc IIale $]]) tclcscol)c

o]i h40u11t  1 ‘alo]nar.  ‘J’l]c ca]ncra u s e d  a 128 x 1 ?8 1 l~,Cdr  J’c.  detector  array lmldcd  to a

I{cticol) r eadou t  al]d o]m’atijlg  bct,lvc.cli ]  .3Jld 1.:) /lJ~l writ]]  ().’/6[)”  ;)ixc]s.  ‘J’IIc sl)atia]

rcsolutioJl  of tlIc olxwJvatiolls,  dctwjllillcd  11~’ tlIc swill?),  \\’as alm~lt,  1.[)”.  ‘ J  ‘lie dat,a  WCIC

lakcII a]t(!I  J Iat,i  I IF, ])(!tw’(x:II  ~]tc s o u r c e  aJId f{)ll r djf]’cI’(!II{ s k y  l)osi  t ions. ‘J ‘]IC  ilnaF,cs  \!’(’I’(’



b;aS-SUhdK!d,  aIId  tl]c]] f]at-fic]dcd  Wit]l a ]iicdia])  s k y  fra]nc,  Usillt,  SJKXi~]  11)1) SOftW’arC ●

dcvclo]ml  for I’I’’I1WA h4. ‘J’llc total oJI-source illtct,ratiol]  tilt-m of tl)c  fi]lal  illla?,cs were 880

sccc)]lds  at K and 240 sccmlds  at 11 for ‘J’h4(; l, a.~ld 1000  scco]lds  at K a])d 1280 sccoIIds

at 1/ for ‘J’hl  C,l A. ‘J’hc image.s IIavc also  LCCII s]nootkd  to a]qwoxi]l]atmly  2.5” rcsolutio]).

]’hoto]nctric  standards were sclcctcd from tltc CI’J’ systcln  (Elias ct al. 1982).

‘J’lm data w e r e  not obtail)cd UIIGCI ])hotmllctric. cxx)ditio~is. ]Iowcvcr, tlIc quality is

sufficient to study ~ourcc  structure. Carcfu]  lnollitorillg  of t]w sky background s]mwcd ~,ood

st,al>ility  f o r  hot]]  ‘J’MC1 al]d ‘J’h4Cl A  at boil)  11 and K. A  coln~)arisoIi wit]] ~)ublisllccl

fluxcx  slIows agmmc:]lt  wit,lii]l 0 .4  lnagnitudcs. Near-i l}framd i]nagcs  that llavc  l.mc]i

published previously for ‘J’MC1 and ‘J’hl  CJ A (KcmyoII  et al. 1993}.);  ‘J’alnura ct al. 199])

arc less sensitive and have lower spatial rcso]utio]], ‘J’IIc i]nagcs  prcscvlt,ed here reveal (IIC

u~ldcrlyi]l~;  structure of t,l Ic cxtcIIdccl  IIcl)ulosity.

‘3<. lh’suits

3 .1 . M o l e c u l a r  ]inc! Cmissio]l

5’,1.1. Mol”})holwyj

in ]“igurcs  1 md 2 wc COIJI]WC  OwTcIis  Valley C()(l - (1) cl)al)lml clata wit,]) tllc  JCMrJ’

C()(2- 1 ) data,  w)lic)l  l)avc  LCCJI  avcrq,ccl over 8 c.llallllcls to give tllc sall}c slmct]  al rcsolul,ic)]]

as tlw it ltmfclomctm  i] n ag,cs. ‘1’lIC 1,S1{ v e l o c i t y  i s  l]]alkcd at tlIc tc)l)  riglIt of wclI  1).a]id,

ill  kIII s-  ‘ . ‘J’IIc ]josit,iol]  of tlIc  l)lillill)ctcl  colltiliuulli  source  fro]]) ‘Jtvcl)cy,  (; IIaIIdlcI,  {/.

AIId I< (1 993) is ]narkcd l)y aII astcv is]{  i]] cac.11 j]]]ag,c, a]ld tlIc  scale is t,lic SdIIIC i]) cacl I

(I;it,a  s e t .  IIot]) ‘J’h4Cl and  ‘11 N4(~J A  SIIOW disti]lc.t  IHI- a]ld I.)luc-sl]iftcd IO1)CS  oric]]td

IIol’t]l - S(mtll . l~catjurcs  lal’~,(’l’  tllall  x)” i’isil)lc  i]) t,l)c sill~,ledis]l  data .31c rcso]v(xl 0111 l)\

(]IC illt(:lfclc)lil(:tcl.  A coll)l)alisoli  lvit]l t ]Ie NI{A()  12-III s])cctru]l]  of ‘J’hl(;  l A s] Io\vs l]iat



tjl IC ilitc:Ifc:lcJIl]ctcl  )1.3s rcsolvd  out owl Ml% of il]c  total fl ux dcllsity  ill tllc lillc  will~,s  o f

t h a t  soul cc, aJlcl lIIOIC tlm]i  W% of tllc flux C1OSC to tl]c systcl}}ic  vc.loc.ity.  NCWCILIICICSS,  tl]c

C.{) IICS])OII(ICIICC  bctwccII  tJIc loca.tioIIs of tl]c  sIIIall-scale structure iII lint]] tl]c  JCM’J’ a]]d

OwcIIs \/alley data sets, ill tJIc difk:mlt  tra]]sitio]ls of CO, is cxtIcIIIcly  good.  ‘J’IIc systc]]lic

],s]{. vc]oc.ity ll-)CZmUrCd by ‘J’crcl.wy  ct a]. ( 1 9 S 9 )  iS[).t)  kln S- ] forrJ’MCl a]id (i.4 1(]1] S- 1 for

‘I’MC IA.

A t  lli~;l]  resolutiml  ill t]lci]ltc]fc]oIIjctc](l:  ~ta, tllc’J’h4ClA  outflow  (ll’~gu Ic%L) S]IOWS

tllc! I)luc! IC)l)c at 4- i’ 1{111 s- ] .awa,y fl,olll  t]IC sys~clj)ic, vc]ocit,y  to lIa Vc a Cmlica]  st, IuCturC,

with its a.lmx locatd  at tllc. ])ositiol\  of tlIC ]i~illil]dm c.oIlti  IIuu III SOUJKC. A similar,  Icss

I:xtcIIclccl  strut.turc is also SCKUI ill tlic m(]-s}liflcd  c.l Ial IIIcl.  ‘J’IIc rcd  lobe of ‘J’h4Cl  (1~’it,,um

1a) is also  rou~;ll]y  ccnlica],  with tl)c  IIigllcst  velocity t!l]lissioll  at tl]c  lmgcst Clistmlcc  froln

t!llc! soulc.c. ‘J’llis is JnoIc  c.lcarly dclllc)l)stlatcd  i]] tllc  C()(2-  J ) JCM’J’ data (1{’igurc 11)),

wllcrc tl)c  lmak  ill tl)c clnissio]l  s h i f t s  almut 20” sout]l  IIlovillg frolll Ifi,s]< : 6.8 l<]]] s-  ]  LO

U,sl{ ‘ 19.’/ kln s- ‘ . ‘J’llis  is also  sccIi, to a sli~,}itly  ICSSCI dcg;rcc, ill t}lc  blue  10].)c of ‘J’h4  (31A

trac.ccl by (;0(2-  1 ) (1’’if,urc  21)).

‘J’l Ic. illt,c.!,ratcd Id allcl blue CC)(1 - ()) cnnissic)li  (l~iF,uJc  3) dmnollstratm  t,llc c.ollicxd

stluc. t,urc of i,l)c out, flcnv 10Lcs, cxtclldillg  to witllill  1000 All of t,llc c,olltinuunl  sourc.c. III

l’i~,um 4 w’c dilcctly  colIIJ)arc  t])csc  illtclfcrol I Ick:I r e s u l t s  (~,ivcll ill ~,rcysc.a]c)  wit,]]  tljc

illtc~,ratcd  J Ch4’J’  C()(2 1 ) clnissioll  (COT ILOUJ s). All tl)c features ill tllc lli~ll-lc:sc)llltioll  data

lIavc c.(llIcs])oll(liJIF,  cl]lissioll  ill t]w C()(Y- 1 ) II Ia])s. ‘J’IIc oric]ltatio]i  of Lot]]  outflows is

sil)~ilal, wii,]l positio~t allglcs  for t)lc  outflow  axis  of  0° fo] ‘J’h4(~l a]ld - 100 for ‘J’h4(;l  A .

1 lc(ausc of tllcir  lal~,c] s])atial  covcra?,c  slid  IIip)icr  sl~cc.tral  rcso]utioll  wc llsc. tllc {X)(?- 1 )

dtita to aJIalyzc tlIc dyllal]lics  of  tlIc oIItflowT
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3 . 1 . 2 .  Opticol dcpt}( ovd cmiloiion Icmpcraivrc  o f  th[: (X)

l’or ‘J’M(;l  A wc ltavc  co III1.)i IIcd illfol IIIatiOII frolil  LIIC sili,glc-disll  <;()  J= 1- (1 S]x!ctlulrl,

t i le  Owc!Ils  Vzlllcy illlq,cs, aJId t]tc  J: ?- 1 data to dcJ’ivc  Cmlshaillts 0 1 1  t]Ic! cq)tic.a] dc])tl  I

alIcl tJIc  Cxcitatioll  tcInImaturc  of tllc CO mnission  ill the outflow willgs.  First, cmlsidcr  tllc

two sinp;lc-disll data sets. ‘J’hc  (;()(1- O) sImc.tI NIII obtai]lcd  usi]lg  the NI{.A() 12-IJI  IIa.s lxxII

sIIIoot,l Icd aIId rcxa.ln])lcd  to lIavc  tlIc szutlc s})cc.tra]  rcsolutio~l  as tlIc J: 2- 1 JCM’J’ data,

wliilc  tlIc 2- 1 data were sInootl Iccl spatially to II IatXl I tlIc 12-III LcaIII. ‘J’lIc rc.sultillg s])c.ctm

t wit]] a clotted lillc dcliotillg tllc (2- 1 )/(1- O) lil]c ratio  (7~1/Y;O)am disp]aycd ill l“ig;urc d,

ill t,lic Ic~io II wllcrc Ll]c sit;llal-to  ]Ioisc r a t i o  was f;rcatcr  Ll]al] unity ill Lot]! tral]sitio~ls.

111 tllc lillc wing;s  7~]/7io  l]as a Incztll  va lue  of 2.3, or cquivalcxltly,  a flux dcllsity  ratio

,5’71/Slo of 9.3. ‘J’llis  call Im Lrallslatml  into a lowm  lilnit  to tllc exc i t a t ion  tcln]maturc  ill

t h e  IIigll-vclocitly  ?;as by assulnillg  IfJ’I’;  allcl  o])tic.ally-tllijl  cll)issioll.  l’i~;urc (i s h o w s  tlic

~)rcdictcd  value of ,9?] /,S’j O as a function  of Y}.X for  various Cq)t,ical clcl~tl)s  ill  tllc ~: 1-0 }illc,

7 1 0, a.ssumjllg  lfJ’1~  (IIotc that 721 > 710  m ]oIIg as ~LX > 5.5 K) .  l]) t]tc  o])tic.a]]y  -thin ]i~nii

tltc lnillilnum  exc i t a t ion  tcln]matul.c  that c.a]l bc rcs])culsih]c for tlIc o})scrvcd  flux c]cllsity

ratio, dcllotccl  by t]w do t t ed  lilw., is 2.0 K. ‘J’l~is tcln])claturc  is solncwllai  IIie;llcr  than L}]c

-10 1{ olmrvcd  fcn tllc I)ulk of tllc ‘J ‘aurus lnolccular  cloud (h4ur])}ly  & Mycm  1985).

11’urtlicr constraillis  011 tllc Cxcitatlioll  co]lditio])s  o] I tlIc  s c a l e s  i]na~cd  ly tlIc

ilit,crfcrolnctcr  call Lc ol)ta.illcd  I.)y coln]mrill~  tltc flux dm]siiy  ill tl]c  Ow~clIs  Valley  C()(] - O)

]IIa]R wit]) tl]c  (X)(?-  1 ) data. l’or ‘J’’hd  Cl A, tllc avcrar,c ratio ,f’21 /,9]0 ill tllc li~lc will~s

illtc~latml  over Lllc area of clnissioll  ill tlic  ow’c])s  Valley IIlal)s  is a])]jloxil]latcl}~ (i (solid

c.irclc, 1{’igurc 6). Sil]cc Ll]c i]ltclfclolllctcl  flux dcllsity is a l o w e r  lilllit,  this lilic ratio is a])

u])])cr ]i]nit  to tllc tlruc Iillc ratio  0 1 1  slllall scales. ‘J’IIc difl’cmic. c. l)c.twcc]l  tl~c lil]c latios

df:rivcd  fmlll  tl]c  l a r~c-sca le ,  sili~,lc-disli  data and t,l]osc  ol)taillcd  fro]]) tllc illt(:lfclol)lctlcl

lti(::IstI  I(:lIIc’IIts  rcf]cc.ts 1,11(: {Iifl’[’mill f,as colill)ollc’~)ts  sallll)lcd  I)y tllc variolls  iljstl  uIIIcIIt,s.  lt
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dcIIIoIIstralm tliat tlIc lnorc cxtcIIdcd cnnissioli  to wllicll tlw illtclfclCJ1llctcl  is  IIot scllsitivc,

l)ut, wllic]] i s  dctcctcd by tl]c  N1{A() 12-]1]  a]ld tllc JCh4’J’,  citllcr  lIas a l)i~,llcr  cxcitatioll

tcIll]m Iaturc or is lIIOIC ol)tically tl]ill  tlIaII tllc COII-I]mCt structurcx+. ,$illc.c tlIcrc is 110 Iwaso II

to Lclicvc  that  tlm  gas ol.mrvcd  by tllc Owmls  \~allcy array i s  c o o l e r  tl]all tlIc  II]dtcrial

OII largyr  SACS, wc assu]nc that  tl)c  result !l~x ~,~() ]{ dCI’;VCd  abOVCfl’CHIl  t]lC]al’&-SCa](!

clllissioI]  cal I k a.p])licd to tl]c  lnorc COII-I]mC.t s h u t . t u r c s . A~]cxall~il)at,ic)liof  IOgurc(i  tl]mi

SIIOWS tl]at tltc mnissioll  iII l.mt,l I tlIc 1 0  a.IIcl ?.- 1  L1-a.)lsitiolis  lnust, bc oI)tically  tllic.k  i]]

‘J’h4CI A. IPor ‘1’h4Cl  tlIc  ratio S21 /,$’]0  w 10, so citllcr 1 : - .>231<,  or tllc illtmrfcrolilctcr  IIa,s

r e s o l v e d  out too lnucll  clnissioll  for a rmsol)al)lc  Cx)ln])arisol]  bctwcml  Lllc two  lilw.s to bc

]I)adc.  ‘J’l)c latter  is IJ]ost likely t,o IJC tl)c  c.asc.

‘J’lic ])cak briglltllcss  tcJnpcraturc  of tlic li)lc wings  ill ou r  da ta

tlic OWC)IS Valley CO(I - O) IJIaI) of ‘J’MCIA at lfi,sll  z 2.0 kln s- 1.

set is 6 K, .w)d lies ill

Sil]cc tllc cxc,itat,ioll

t,cln]wratul”c  is probably  grcatm tllali  20 K, and tl]c clllissioll  is optically thick, tl)c  observed

Imi,gllt))css Lmupcraturc  ilnplics tl]at tlIc  cnnissioll ilt tlic outflow is cluln]y cvcII with Icspcct

to LIIC i ]]tcrfcro~r]ctcr  ha] I-J.

3 . 3 . 3 .  Ouf.flow )Wo})ct’1.irs

]JJ IfJ’I<; t]Ic tots]  lnass Al of Inolcc.ulaI  IIIatcria] is obtaiJlcd fro~]] t]ic ~()(?- 1 ) cll)issioll

using  tl)c  rclaticnl

];quatioll  ] assLJIIIc!s  a IIICaJI  ]l]olccular  w~{!if,]ii  for i]Ic I]]olcculaJ  F,M o f  ]  .36, al!d a (;()

al)uIIdal]cc  rc]ativc  {0 112 of 10- 4 . 1) is tlIc distal)cc Lo tlIc s o u r c e ,  alId tlIc illt,cf,ratc(i

(;()(? ] ) flllx  is ill units of Jy ]<])) s- ‘ . 111 calculati]lg  tllc ]IIass  of ]Ilolcc.ular II}alclial  wc l)a~’c

a’+sllll)cd  ‘/;. \ : ?0 1< and 7?] << 1. ‘] ’]ICSC \r:l]U(’S fO1’ tll(! lllaSS SllOU]d  tll CJ’CfOl’C  1)(’ 1“(’/I,al’(]d



A’* -
x

v,



3.2. Ncmr-i]]frarcd  imagi]]g

‘J’lIc  r e s u l t s  of il]lap;ill~,  ‘J’h4 C] al]d ‘J’h4(;  l A at l] aIId K arc  dis])laycd  as COIILOUH+

ill l“ip;urc  ‘[, ovcr]aid  OII ~,rc.yscalcs  of tlIc illlq,ratcd  (;0(1-  O )  Cli]issioll  ill l~i~,urc  3 .  ‘1’llc

stJuctuIcs wc scc ill our 1< ilnq,es  arc il] ~;ood ag,rccnnc]lt with tllc lower  sens i t iv i ty  da ta

] )rcsmlt,cd I.)y l{c]]yo]]  et al. (1 9931)),  l)ut  wc llavc  clcar]y  dctcctcd ]no]-c  of tllc IOW-lCWCI,

cxtcu]dcd  ]Icbulosity. ‘J’lICIC is WI UIII csolvcd  c.o][l])o]lait  of tlw ]Icar-illfrarcd mnissioll  w h i c h

wc have al igned wit]) LIIC positio]]  of tlIc  ]I]illi]]]ctc].  cn]tinuu]]]  SO UJKC, at tllc gcmnctrical

c.clltcr of t,l Ic out, flol~,  sillc.c  we do ]Iot lIavc :ood .alxoluk  ])c)sitio]ls  for tl)c  iIlfraIcxl

llicas~llclllc]lt,s.  ‘J’IIc cxtc]ldcd  cll]issioll call 1.w diviclccl  into t w o  coln])ol]c~]ts. C,losc  to tllc

star it is muglIly sylnmctric, wllilc at larg)cr distances it  lias  Inorc of tile aj)])caral]c.c  of a

ulli]xdar rcflcctioIl  IIcbula. ‘-1’lIc lIIost  stril{illg,  result, dcliloI1stratcd by l“i?,urc ‘/ is IIOW WC] ]

tl]is cxtcnldcd c]nissio)]  coIIG])oIIds  to tllc blue sl]iftcd  outflow cmissioIl  for botl]  SOUIXX:S.

‘J’IIc  structure of L]]c II CW-  ill frarcd  cl] lissioll  is ill cxccllcIIt a$;rcclIlcllt wiL]I h4011tc  <;ar]o

silnulatiolls of scattcmd li~llt  froln  mnlmldd  stars  (Wllitlley & llartInalll] 1  993;  l{eIIyon  et

a] .  1993b). I“L]lLIIc]]]Io]c,  our ilnaf)cs c lea r ly  dcII]o]]stratc LIIC ])ccd for a IIOIC 01 cavity to

cx])lail]  tllc cxtcI1t and slla.pc of tllc clllissioli  ill tllc col]tcxt of tllcir  lnodcl,  We IIavc u s e d

tllc ])ltotolnct]sy  ]ncasumd  Ijy l<cnyon  ct al. to calil~ratc  ouI ilna~cs  al]d coIIvcIt tll ICIII to }’;,,

alId fiJId t h a t  t]lc CXtClld Cd ]lcbulosity  i]] l.)otl] Sourc.cs  IIas a]) i]jtc]]sity  ratjo  r : ]~~/]~~ < z,

C.ollcs])o]l(lillg;  t,o a l)lack-body  tcln])cIatuJc  J‘ >, 1 5 0 0  1 { .  Sillc.c  tllcsc am lo\\~-llll)lillosit]~”

ol)~ccts  tlIc IIigh c.0101’  tcln])clatu]  cs loc.akd at 3000  4000  All fro]]] LIIC ccllt,ral star cal IIIOt

1 c] )Icscllt, tllc ])llysic.a] t,Cll-I])[!latllIC of dust at SLICl I lalg,c  dist, allc,cs; t]IC cxlxmdcd  Clllissioli  is

lIIOSt) likc]y to l.w rcilcctio]l  IIcbulosity  (Ilcym ct al. 1 990; ‘1’alllura ct al. 1991 ; l{cIJyoII  et al.

1 9 9 3 1 ) ) .

III ‘J’h4(; lA tlIcIc is also clIjissioll at A’ aloII~, tllc IIc)r(llwcstcrjl  cd~,c of its IIc})ula  lvi(ll out,

(oll{,s])ol](lil)~,”  fcatums at, 11, p,ivill~, ? cv 12, :11](I  r(’sultillp,  ill a lowc.r  color  tjcl)l])c’l:itlll’<:  of
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r-.! “(00 1{ at tl]at locatio]i.  \/aliatioJis  ilI tllc coior  tcln]mrature  across IIcar-illfrarcd  IIcbulae

COU]d ].)(! CaUSC!d by l,wO Cf[’C!C.tS.  ]“iI St,, CIUlll])ill  CSS i)l ~]1 C fO1’Cgl’OUIld CXti JIC~iOll Wi]]  ]l~\7C a

c{)I’I’cs]JOIIc]iII~;l~T  hi@cr cflcct at )] l.m IId t]lall  at ~{:  tlIC CXti II Cti OII ]aw of ILickc  &, ]dmfsky

(1985) sugp;csis  that a K-baIId cxtiIIctioI, AK ~=’ 3.2 is Imclccl  to )nake all intrinsic  illtc~lsity

ratio  of 2 al)pcar  as higl)  a s  12. Altcrllativcly  tllc variaticn]  ill COICW tclnpcra.ture ]iiay k

caused by variations ill tllc clI]issic)ll  lnccllanisl]l  across tl)c  ]ichu]a.  IJow values of r (m id

collcs]~olldillgl}’  lli~ll Y’) lnay lx l o c a t e d  ill rcfiio]ls wl]crc  tlw mllissioll  is ~)]ccloll-]illalltly

rcflcctiol)  IIcl)ulosity,  wllilc  lli~;licr  illtmisi~y ratios IIlay illdicatc rq;icnls  of slloc.k-lwatcd  g;as,

Wit]i  112 cll]issiol]  colltril~uting  to tllc K-l)alld flux dcnlsity.  SUCII S h o c k s  c o u l d  occur wlIcrc

a jet or wiIJd drivin$;  tlm  cmtflow interacts  witil  Lhc ambimt  cloud.  Wllat,cvcr  L]lcir  c a u s e ,

tllc red  ]cnots located to tl]c  west  and ]iortllwcst of tl)c  star ill ‘J’MC1 A ~nay ac.cmJ)t  for tllc

aplmc]lt  il]crcasc ill tllc }1 - 1{ and J - A’ cc)lors wit]) illcrcasing;  aperture size rc])ortcd  by

1< Cllyol)  ct al. (1 9931.))  for this source.

It is inLcrcstillg  to IIotc  that  wllcrc ]]car-i]lfrarcd cnllissio]l  is ckkc.tcd toward the I cd

outflow lobe of both objects,  the color of tllc IIcbu]osity  is si]nila.r to that  ill IJIC blue. ‘J’l]is

i]ldicatcs  that the lack of cxtalclcd  clllissioll  toward  tllc reel lohc is ]]ot clue to all increase

ill the la.rgc-scale cxti]lc.tioll,  but Inust k c,auscd citllcr l)y a lack c)f ]llatcrial ill tllc soutl]

to scattcI radiatioli,  or  by tlIc cflcct,  o f  f o r w a r d  sca.ttcrill?;  o f  tlIe d u s t  grains.  ‘J’IIc forlllcr

IIIay ])lay an iln})ortaI]t  role ill ‘J’h4(; l A, WIICJC wc scc little lnolccula.  r li]lc mnission  to tllc

sout,]l.  1~’or ‘J’M Cl thougl)  tllcrc is c.lcar]y cxtc.IIdd  II]olcc.ular gas, suggest ing that forward

sc.attcrill~,  is t,]lc dolni)lal)i  pmccss  causil)t,  t,llc asyl  J)l Ilct,ry of tllc rcd  al]d blue lobes ill tl]c

rt~flcctioll  Iicl)ula.
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3 .3 . OIItfJOW  gcomct(ry  and oric]ltatiol]

‘J’lIc sc]ni-opali]]p; allglc  of Lllc ou t f low,  O .I]ldx)  CaII lJot~:lllJiallY  ])rovid~ illl])Ol’Lallt

COllstrail)ts oI] outflow lnodcls. 11’or ‘J’h4(;l  and ‘.l’h4(}l  A tl)c  we l l -dc l i ] lmkd  co]lical

druct,u JC j mrln i k pmcisc  I ncasurc] l“JC!lltl  Of O,)~~j, t,l)c projcc.tcd  sclni-opcllillg  allglc.  WC fi]}d

OI,lC)j  = 20°:12° for tltc NXI 10bc ill ‘J’h4Cl , and OIjIOj  : 2?2° :1 ‘2° for tl]c  hluc 101.)c Of ‘J’h4Cl  A.

If tllc wind com is azilnutllally  sy~r]mchic  tlICII it is stlai~;}ltfoltvald  to show that

‘all(O,II~~) : ‘a]](o,,oj) ‘;]l ‘, (?.)

WIICK i is tlic illclinatio]l of Ll)c axis of s:y]nlilctry  k tlic li]lc of sight.  Values of O,,,~x

derived frOlll CqU ation ‘2 arc ] )lOttC!d  fO1’ 01,, ~j : 20° ( l abe led  ‘J’h4Cl  ) and ~PIC,j : 22° (labc]cd

‘J’MCI A) iII l“iF;urc 8. WC plot 0,,,,, as a fu]lctiml  of 1- cm i, sillc.c  tl)c  ]nobhility  of finding

a source with inclinaticm  i is proportional to sin i and tllc prol~al~i]ity  distribution function

is tllcrcforc  I)roportiollal  to 1 - cos i. l~or L)]is  c)]oicc of iIldc]mlidc]lt  varialjlc, cquzd illtcrva]s

along tllc IIorizonta]  axis wi l l  }Iavc tltc s a m e  ])robabi]ity.  }bndom  oricntatimls  sl)ou]d

t]lmcforc  result ill equal numlmrs  of outflows }W]OW and  above 60° inc]il[a.tioli.  ]“ig;urc 8

dc]llollstrat,cs  tlla.t the wi]]d o])cliill~;  an~]c  is always slnallcr tl~al]  o~ cclual to the projcclcd

o])cllillf, allf,lc,  although  tllc difl”crcllc.c  is ]Iri]narily  i]n]mrtalit  for s]nal] inclillatio]ls.

‘J’IIc wi~ld o]>cv)inp;  aJIg]C  IJJay t.] IcIefoIc bc C.OIII])LJtCd  OI)CC t])c illc]illatioll  i s  k]low]).

outflow illcli)latiolls  IIavc,  IIowcvcr,  Imm  difJicult  to  IJJC!MUI’(!  sccurclJ7.  o u t f l o w s  t]JhL  aIc

lli~l]ly i]]c.li]]cd  (i > ‘/5°) a]ld lic llcarly  ill tllc ])laTIc of (IIC s k y  arc madi]y idcn]tificd  by

t])cir  cllalac.tclistic  ])attcr]l of  ovcrla])])illg  rcd and  l~luc s]liftcd  ~)as (Cw=w 3 ill 1~’i~urc 8),  a s

discllsscd  l.)y (L31)ritf  L7. 1 ICrt)ollt (1 986). 1 mss illc.lillcd outflows ])resc]  It grcakr  al]]l)ig,llity,

w’llic.11 ])artly  cx])lai]ls  Wily fcw rclial)le  i]lcli]latiol]s  mist ill tlIc  l i t e r a t u r e .



1 (i

OIIC IIIctlIod  of asscssi IIF; il}clil]atioll alId (Jlmlirlf;  alI~,lcs of outflows c.oIII])ams II IolctulaJ

sl)cctra] lillc data.  to t,]lcorct,ica]  II Iodc]s.  (]ZtbJ it & ]krtout (1 $)86,  ] {J()()) ]JICSCIIL II Iodcls  of

tllc CO spectral lillc cll)issioll  ])rcxlictd  frolrl cmlical  outf lows. l~i~,urc  8 s]lows tllc rcf,ilncs

wl]idl cmrcspoIIcl  h tJIc four dificrcu)tf  cases cldiIIcd  by Cal)rit  & 1 lcrtrout.  (kc 3 outf]c)ws

lic iJl tl]c plal)c  of tllc sky, w}lilc  (2JSC 2 outflows lIavc distiJlc.t rcd-s]liflcx]  al)d blue-slliftcd

lolms,  well-sc]mralcd s])atially. {;asc  1 outflows arc observed almost, ]wIc-011,  al)d t,l]c

rcd-s]]iftcd  and blue  slliftmi  10b  ovcr]ap. (;asc 4 outflows, wliicll  lIavc very large  o]m~illr;

al If,lcs,  arc rarely, if c.vcr,  olmncd. Qbrit & IIcltout (1 986) talc.ulatc tlIc ])rol)al~ilitly  of

obscrvi]lg  all cmtflolt’  wit]] a givcm O <20° (as is obscrvcxl for],~axj  ~lld snow tlla~ foJ’ ~inax , - .

‘1’MC1  aIId  ‘J’hl CIA) tllcllir,licst  ])rolxibility  is found  for Case 2. ‘J’llis  is also dclllollstratcd

iII ]“igurc  8 by Lllc ]xxsib]c  solutiol]s  for tllosc f lows  iII l,lIc Case 2 rcgioll  of Ll)c ])lot

Cwlll])arccl  wit]] Cases 1 a]lcl 3 .

It, is tllcrcforc]]]ost  ])rol~al)lctllat  ‘J’h!lCl  and ‘J’h4CJA llavc  Case 2 o u t f l o w s ,  aJld to

test t]lis  ]mssibi]ity  ful”t]lcJ’  wc coJnJ)alc  co ])[)SiLiC)l)-\rCl]C)Cii~ (l’-\/) diagl’alllS Obta.illcx]

a]o]~r;  t]]e outflow axis wit]) t]lc  L]lcorctica]  dia~,l  alns ca]c.u]atcd  by ~ablit & 1 lcrtout (I 986,

] 99(1).  ](’ip;urc  9 S]IOWS the }’-\~ diar,rallls  ol)taillc(l  froJ)] ou r  8-c] ]a]I]tc]  avcra~,cd  J Chl’.l

data,  to~,ct,lim  wit,ll  full rcsolutfiol)  (;0(2- 1 ) sl)cc.tra averaged over  tl]c  ]]]a]~]md arm to

dCIll 011 StI1’atC  t]l(! S]1.3])[! Of t]l C ]ill(! WiJ1/,S. Close to tl]c  systclllic  velocity (ll-JaJl<Cd l.)y a solid

vcrtiml  lillc)  ill I)otl)  sou Jc.cs  a c.oJnl~iJlatioll  of self- aljsor})t,io]l  lJy cool forcf,roul]d  ]) latcrial

. .
al]d c]] ]issiol)  ill our Ofl’-])osltllol)s  serve to ])roclllcc al} artificial val]cy  of low flllx dcl)sit~.

1 lot]) our l )-V dia~;lall]s  and Ll]c illtcp,ratcd  lillc profile corrcs])o)ld  ]nost  c.losc]y  k) tlIc

( ;asc ? JI IO(]C]S fol a]] a.ccc]cratcd  f low ((;al)l  i{ $?, ] ]cltout  ] %6). (;asc ~ is dcfi)lcd  by []]c

:~coJllctrical  COllstraijjts  i >  O,,,~X, wllicl]  p,ivcs slmtially sc])aratcd rcd  a]ld I)luc ol]tf]ow ]ol)cs,

:il)(l i < 71 /? - O,,, AX, wllic.11 C,ojlsilrail]s  tllc  ilo~v to lic coIIi]Jl(,t,cly  out of tlIc ])laII(J of’ t,l Ic sky.



‘1’IJc  SOUJXW illclillat,ioljs  slid  o]w.llill~;  a])~)cs Ll)at s a t i s f y  boil)  cquaLiml 7 a]ld GIsc 2 a])]mar

as solid lilies ill l“ip;ure 8. ‘J’lic  (;() l)-V dia~;raTns allow us to cxc.ludc illclillatiol)s  lliglmr

tltmi 70° and 68° for ‘J’M Cl aIId ‘J’h4 Cl A I’CSJJCCti VC]y.

~abrit  & 1 lcrtout  (1 986, 1 990) also  colIl])utc  lnal)s  of the intqyated  ~0 cInissio]l.  \Vc

l]avc not used these i]nagcs  to co]lstraill  fult]]m  t]]c i]ldil]atio]l  of ‘J’hlCl  aJId 1’h4Cl A, sil~cc

wc suslmt that  tl)c co]n])utccl  s]mtial  distriblltions  m a y  bc mlsitivc  to LIIC ou te r  c.ut-ofi

J ad~us aSSUlllCd  for the outflow  CO]IC. For CXaIJ-J])lC,  an intrilisically  snort  outflow lcJJf;tll

could  l-w j])istakcn  for a low inc]inatio]l  allf,lc.

3 . 3 . . ?  (hlnparison W?t}L llcar- ill~rorcd  scaikring out.ow m o d e l s

hflodcls O f  Scattcrcd  J] C!ZWiJJfJ’ZWCd CJJ”JiSSiOJJ  aJound ])rOtOSta!S  ]Iavc  SuCCCSsfu]]y

I q)roclucxd  tlic obcrvcd  conical  StILICtUJCS  (Wl]itl]cy  & 11 artlna]l]l  1993).  ‘J’lIc  ]nodc]s

arc scllsitivc  to inclimtion,  a]ld ]nay  t}lcrcforc. bc clnp]oycd  to co)lstrai]l  f u r t h e r  IJm

i]lclillatioll.  Wl]itncy  & }Iart]nallli  ]wcscllt  lnodc]  i]nag;cs that  cxp]orc  tllc Cffccts  o f  w i n d ,

CIJvC]CJl)C> and disk SCOI1l  Ctl’y OJI the stJ’UCtUJ’C  Of tll C IJcal-i)lfrarcd  CJIli SSiO1l.  ‘] ’] JCI’C  W“C tll J’CC

L)Joad  catq;orics: l o w  iJlclillatioJl  objcc.ts doIIlilJatml  l)y a c.cJltral  poilJt-so[Jrcc, silnilaJ tc)

(]asc 1 ,  IJlodcra.tc illc]illatioll sourc.cs  dis])]ayillp, ulJi]m]ar  iJ]fJ’aJ’cd rcf]cctiolJ J]cbu]ac, and

lligll ilic.li~Jatioll o b j e c t s  w i t h  bi}m]ar  illfralcd rcflc.cticn] ~Jcbulac,  si]nilar to Gasc 3. ‘J’IJc

Jlcar-il)frarcd data for  ‘J’h4~l a,IId ‘J’MC1  A corIcspoIId  IJIOSt  c.losc]y to tl}cir JIIOCICIS  h 1()

at w “(00 ‘illc,]ilia,t,ioJ1.  ]JI gcIJcra],  t]ic  JJIOdCl illla~,(!s  dCI]l  OI)ShatC vcJ’y  stJ’oII$;  a$ylnJl”lctJ’~’  a t

IJIo(]crak  illclillatiolls.  IJor i < 65° tlIcy  find oIIly ljl IC IIcal-side (blue) lo})c is visil)lc.  OUI

IIf:fil’-illflalf:cl  data illl])ly a sli~;lltly  IIigllcr illclill;itiol)  I)ccausc  altllou~;]l  tlJc b]uc-s]liftcd  lol.m

is I)ripJltcst,  CIJJi SSiOJl fI’OIJ”J  I)otll IOks is c.kally  prcmlt.

‘111)(:  JJcal-  ill frarcd IJIO(ICIS, cx)ll)l~ilicd  wit]] t]Ic ljrcvio{ls  colistrail]ts,  su/,~csL ‘J’h4~l aJ]d



‘.I’M(;I A IIavc illclillatio]ls  bciwcc]]  65 WICI 700. 1 lowcwcr,  tlIc  IIcal-illfrarcxl  cwlstraints  arc

smlsil,ivc to tllc assu]ncd  dcllsity  distril.)utioli  of tllc circulnstcllar  IIlatcrial,  and tllc II Iodcls

]cly UI)OII llig;h o]mcity  ill tl]c  cIIvcloI)c  to attmluatc clnissiwl  froln  tl)c  far-side  (red) lolm.

‘1’IIc  chscvwd  structure of tllc llclmla  and Lllc illfrarcxi colors  of tlm star cmld pro}>ably  also

lm rcprociuccxl  at othm inclinations (1) by lowmillg;  tlw cv]vc]o]m opacity while illcrcasin$;

the cxtinctioll  to the cxmtral star wit]] a thick clisk, or (2) by assumiIg noli-zero opacity

witllill  ihc stdlar wil)d  cavity. We tllcrcforc  adopt  i > 40° as a conservative lower lilnit  to

our source il)clinatiolls.  Wc co)tcludc that  tllc illclina.tiol~  of ‘J’MCI is iII the range of 40-70°,

which implies a semi-opcming angle of 13-19°. Similarly, IJIC inclinatio]l  of ‘J’MCI A is

40 68°,  i]n]~lyinr;  a semi-opmlilig aIIglc  of 1521°. ‘J’lIc  higl} cIIcls of tlw lilnits  am prcfcrrccl

by tllc Inodcls,  allcl also by tlic statistical likcli])oocl  of a given  inclination.

SCvcral ])rcvious  cstilnalms  of tllc illcJillatiolls  of ‘J’MC1  aIIcl ‘l’MC] A also exist. ‘J’hc

s]mctra]  CHlcrg;y  distribution analysis earl-icd out by }{cJiyo II, ~alvct, &, IIartjnann  (1 993a)

su~,~;csts  il]c.linatio~l  a]lglcs  of 30° a.IIcl  60° for ‘J ‘MC] slid ‘J’MCI A ms~mct,ivcly, whi]c  Kcmyon

et al. (1993b) ])rcfcr  illclinatic)n  al)glcs  of 60 90° fcn IJotll objects based oil tllcir scattcrcd

light i~nagillg and )Ic.ar-infrared colors. ‘J’llis  lattcJ J]car-illfrarcxl  study is consistent with our

IIcar- i llfra.rcd discussion]] a.bovc. 11 owcwwr,  tlw fact t]) at our clcc]mr  near-illfrarcd i] nap;cs CIO

II(JL cxllibit  Strollg;ly  bipolar structure , alo]lg;  wit]! tl)c  s])cc.tra]  lillc l)-\~ diagraln  constraints ,

allow us to IWIC out vcr.y lligl]  inc.lillaticnts.

3.4. ‘J’lIc olltflow  cavity

(k)lll])ariscm  of tllc d a t a  with  tllc JllOd{!]S S]IOWS SCVCTa]  illtcrcstili~; fmturc.s. l(’ilsi,

tllc IIcar-il)frarcxl  ilna?;cs sl)ow lillll)-  l)ri~,litcllil]$,  tl]at outlil]m tl]c c.ollic.a]  o u t f l o w  cal’ily.

\4~11it11cy  & 11 artll]alll)  (1 993) sup,gcst this cf[(x:t call I)c ])rodllccd  by curvature ill t]lc  cavity

w a l l s .  Scc.oIId, tllcrc is a l)otjal)]c  {Ii fl”crcllcc  l)ftIt’t,clI  tllc  tllcorctjical  l’-\~ diaf,ra]lis  of (;al)lit



& ] kltOUfJ  (] {)86) ZLlld OU1 data. ]{’iF,UI’C  9 S]IOWS CO II”l]JOllClltS  aSSOCiakd  Wit]l  t]lC fl’ol)t  and

back sides d cad] lok, iIIdicakd by dot-dasl)  lillcs. l’;missioll  at illkrlnccliatc  vc]ocitics  is

a])]mrc]ltly  supprcsswl,  resulting  ill collc.avc  latllcr tl)all  COJIVCX con tours .  ‘J’IIc lnoclc]illg  of

(.Ial)lit  &. lkrtout  (1986,  1 990) assu])]c  lJIc 101M arc find wit]] t;as, a]ld so do IIOt show tlIcsc

fea ture . s .  ‘1’his  f’urtller  supports  tkc sufy;cstioll  that  tl]c  lohcs  arc cvacuatccl of ]nolccu]ar

lna. ixria],  ill agrcclncnt  with our )Icmr-illfrarcd  ilnaging.  ‘J’hircll  tl)c  projcctd o])cning;  anp;]c

SCCII ill the IIcar-infrared i]nagcs  is larp)cr  thari  tl)at found  ill tl]c  (XI lliapsj  ]mrticularly  for

‘J’M~l  A. ‘1’his is ill qua]itativc  agrcclmllt  with tlm  Wllitljcy & IIartlnallll  ]JIodcls, wllicli

SIIOW the reflection ncbulosiiy  to bc larger tllall  the (a.ssu]ncd)  cwacuatcd  outf low cavity.

h40rc dctailcxl  lnodelillp; should  bc uscfu]  to c.ollstrai]l tllc ratio  of LIIC d e n s i t y  i]lsidc  and

outside IJlc outflow cavity.

4 . IIiscwssion

4.1. conical  sLrLIcturc

h401ccular  outflows vary ~rcatly  ill tllcir  structure and physical characteristics, but

L]lcy cxllibit  lnally  c.oInJnon  ])rq)crtics w] Iic]I  {]lcorct,ic.a]  outflow  lnodc]s Inust  try to cx;)laill

(Ijada  1 985; h4asso]l  & (;llcrJliI] 1 993; Sta}llm  I 993). ‘J’llc  co)lical  sl!alm Ilcar  Ll]c c.c,,l,ral

s t a r  Clisl)]aycd by ‘J’M(; ] slid  ‘J’h4(;  I A (~ 3.] ) is a, rc]a,tivc]y  ]ICW fca,turc, ill l)art C]UC LO t,]lc

slnal]  l)u]nbcrs  of object, s wllic.1) IIavc lwm) ililagccl  iJI CO l)y )nillilnctm  illtclfclO1])ctcls,  and

tllc IIcc!d  to C)kl”vc! tllc!  yOUllF,CSt  l)rotostars.

(;ollic.al outflow structure is ohscrvcd  tmvald tllc (;lass O source 11335 ill illtclfcl(~ll~ct{:l

illla~,cs  ((;lla])dlcl  & SarF;c])t  1 993) aIId 011 a lal~,c] s c a l e  ill sil)~,lc dis]j  IJla])s  (Ililano et al.

1 <188). Mole lcc.mltly, IIacllillcr Ct al. (1 995) discovered t.lJc  Glass  () sourc.c !,1 448-(; exlliljits

a co] I i c.a 1 011 tflow c.avi t,y. 1 ,1448-(;  also l)as a li)olcc.ular  jet (l~acllillcr  ct al. 1990), lrl]i{:l}



?()

]~]akC~ its Sill”)i]ZLli~y  to ‘I’M(;  I a])d ‘J’h4~l  A ~11 t])~ IIICJI’C  il)tCI’C!St;  llF,.  ]] OWCVC]  , ‘1’h4 (;] ii]t(]

‘J ‘h4~l A l)avc JIJUCI)  wcalicr  ou t f lows ,  dlccti]i~;  a factor of 3-4 s]llallcr  li)l(!ar  cxtcllt  a]ld

vc]ocity,  a]lcl factor of 10 20 lower  IIIaSS  tlIaII  iJIc 1,1448-(;  IIlolccular  jet source.

‘J’IIc ar,c of ‘J’M~l and ‘J’M~l A wit]] rcxqwc.t  to 11335 and 1,1448-~  is ullccrtaili,  but  i s

iyn])ortal)t  for ccnnparison  wit]] tllcorciic.al  ou t f low ]noclc]s.  A])clrd ct al. (1993) arp;uc tl]at

(~lass O sources such a.s 11335 m]d 1,1 448-~ a.]c ycm]lp)cr  0]] avmag;c IJiall (Hass 1 sources.

1 lowcxwr,  ‘J ‘M~l and ‘1’M ~1 A arc cxtrmnc  class 1 sources, wliicl)  in tliis  illtcrj]rctatioll

suf;gcsts  tllcir  ag;cs arc not too ]nucll  older  tllall  1]335 and 1,1 448-~,  al)cl  ])rol.mbly  ]]0 ]I1O]C

(hall 105 y]’.

OtlIcr  youJlg  lcnv-]nass sources obscrvd  ;II U) witlI illlmfcrcnnetcrs  illcludc  1,1 6811],

v’]lic.11  s]Jows a ]ow-vclocit.y  jet, and 1,1262 aJId ‘J’hfllt-l, w’]lic]l  ]Ia.vc ]))orc coIt)])]cx, ]CSS

cmllimatcd  structure (r.l’cmbcy ct al. 1990; ‘J’cI cl)cy,  VCW;CI,  & h4ycrs  1989, 1992). ‘J’hc IIigl)

collilnation  of 1,168111 suggests it is very .you~ig, ali illtcr]jrctatioll  c.o)lsistclit  witl) its status

as a.]) cxtrcInc Cllass  1 source. 1 lowcvcr the ]m])crtics of 1,1262 and ‘J’MI{-  1 suggest tl]cy

arc o]dcr, M has l.)ccn argued by IIcmtcmps ct al. (1 996).  ‘J’akcll  togctlicr  tllc ohscrva.tiolls

i]ll])ly  tl)at o u t f l o w  col]cs arc asociatcd  with tl]c  youl}gcst  ]Jrotostars,  al]d  ]norcovcr,  tllc

lil]litcd  statistics sug~,cst conical  structure is a co]nlno]l  feature.

4.2. l’;vacuatcxl  cavity

‘J’l Ie c.lose C.C)IICS1)OII(ICIICC  of our ]Icar-ilifralcd  illlagcs  ~vitll scattcrcd  lig,llt  ]Ilc)dcls  wlliclt

s n o w  ]arr,c  cxt,c:IIdcd st]llcturcs  (Wllit,llcy &, IIal tIIIaIIII 1 993) ]~rovidcs tlIc liiost. c.ollvincill~,

~\/i(]~:l)CC  for cvacllatcd ou{flow  mvitics. 111 a IICdI’-i JlfJ’al’Cd SU1’\JC~  o f  t]lc ‘j’aurus  ]nolccular

c l o u d ,  l<cl IyoII et, a]. (1 9931)) arF,uc {Il)at lIIost  C]]llddcd Sou]c(:s  lIavc  IOw-o])aci(, y oI; t{lo\Y

cavi{ics. (k)]]]])ariso]i  of  our JIIUC]I dcclm IIcal-illfrarcd  il~)a$,cs fol ‘J’h4(; l a])d ‘J’h4(;  l A,



;)]

wllicll  c]carly  slIow  spatia~ly  cxtmIdcd  co]tical  StmCtUIC) wit]] tlIc  scattcril)F,  IIiodc]s  d

\Y})it,Ilcy & llart,IIIaIIII  IIIakcs  this illtcIjJIctatlioll coll]jdlillr; (~ 3.2 alId 3 . 3 . 2 ) ,  aIJd furtlIcI

Lolstcrs tlIc colltcl)tioll Lllat lIIost anl.mldcd sources IIavc cvacuatcd out f low cavi t ies .

‘1’IIc cvidcJIcc  for cwacuatcd  cavities fIOJJI  II Iolccular  liljc data IIas Lee]) TJIorc cwltrovcrsial

(Stalllcr ]993) .  IIowcnw!r, in tllc case of ‘J’M(;J  atid ‘1’h4~l  A, tlw l)-V diagra~ns  of t,l)c

(X)(2-  1) data am co]lsistmit with tlic illtcr]nctatioll  of all cvacuatcd  outflow cavity (~ 3.3.1 ).

‘J’lIe  o u t f l o w  cavity  is cwacmatml iII LIIC SCIISC  that  7ill  < < 1  ill tlIc OUMOWI  com]mcd

wit,])  7 > 1 ill t]lc surroul)ding  alnLicl)t  g,as. ‘J’llis  suggests that tlm cavity is fi]lcd wit])

low-dc]lsity  material. Altcxnativcly,  sillcc  dust ]nwvidcs t}lc olmcity,  the outflow cavity

could bc filled  Ly a )Iig)) dcllsity  but dust-free jet /w;ud. 11] tli;s  case, the IIcar-ilifrarcd

olmmmtimls  ])lacc  strong constrail]is  oli tllc ]mssib]c  clltlaill]ncllt  of aln}~icllt  cloud lnatcrial,

and appear to rule out classes of lnodc]s  whic]l turbulc]]tly  mix alnLicIlt  gas/clust  i]lto  the

outflow cavity, and t]]us  produc.c  a filled ratllcl than cvac.uatcd  outflow cavity (~ant6 &

lbga 1 W]; Stalllcr 1994).

4.3. M odcratc  opmillg  allglcs

11’or ‘J ‘hfl ~1 and ‘1 ‘h4 (;1 A, tlic dcJlrojcctcd  full-  o])clii]ig  angles of the outflow cones arc

ill tl]c  mll~;c 30-40°. ‘J ‘I)crc arc also rclial.llc.  opening a~]glcs  ill tl)c  litmat,urc  for several

systcII~s W]1OSC ]~ig]t  il]c,lilla,tiolls  guarmltcc slIiall Clc})rojeciiol]  corrcc.tiol)s.  ‘1’IIC (lass 0

SOUI’C,CS  11335 mid 1,1 448-(;  Lot,]l llavc  <Q 45° oj)cliillg  aup,]cs  (~lIaIIcllcI  &  Sar~,cIIt 1 993;

IIac.l)illcr  ct al. 1995). C) Lscrvations  of tllc ])rototypica]  (;lass  O source \~l,A 1623, also a

lllo]cc.u]m’  jet sourcx!j s]iow a IIaI’I’owr Z() 300 Outflow o]miillg aIIF,]c ( A  JIdrd C{ al. ]  9 9 0 ) .  ]“or

sourcm S]lowillg; conical s t ruc ture ,  wllic]] ])crl]jits ])rccjsc II ICaSUrCIIICIIt, of t,]Ic olm]in~,  a]i~;lc,

t]]c data sup,gc,st typical va]ucs  of 30 45c’ for tlic o u t f l o w  ol)ellill~: aIIp,]c.  ‘I’l ICSC va]ucs  arc

si~;llific.allt,ly ]m~cr tllal]  t}]c ])mdic.(iolls  of ict drivcll  outflolv  ] ] ]odc]s (M assol]  & (~l]c]]li]]



1993).

4 .4 . ~0 ]inc ])rofilc

‘J’hc  alialyscs of both MassoII  & (;hcr]li]l  (1992) a]ld Stahlcx  (1 994) usc tlIc  OLSCIVM1

for]n  of mass as a functioli  of velocity, dA4/dV  w VT Wllcrc v w - 1.8, to colIstrailI  tllc

Swcl)t,-u]) outflow mode] a]]d tlIc jet cllt,raililmnlt  Inodcl.  lndecd, tl)c  fact Ll)at tile power-]aw

i]Idcx y is silni]ar  in tllc sources ]I)casurccl so far; 1,1551 -11{.S5, NGC 2071, 111146-47 and

\~] ,A ] (j~3, ]Ia,s LCCII used M a]] argument  t]iat t]lc  same acc.c]matioll  lncc]lanisln  is at work

in LIIOSC objects. l’;xtcndi]ig  this a n a l y s i s  to OUI- low lulniliosiiy SC) UIUS, LIIC III= w a

fullctioll  c)f velocity dcr;vcd froln LIIC  J CMrJ’ data, assuminp;  1 fJ’lt , an cxcitatio]l  tcln]mraturc

of ’20 K and optical Iy-thi)) emission, also llavc  ~ ~ - 1.8 if we fit a sing;lc  power law (1+’igurc

1 O). IIowcvcr,  what is also quite clear is that a single ]Jc)wcr law is Ilot a good mode] for the

data,  and if we were to i]mist  U)JOII fittiIl~;  ])OWCI laws, we would need at lca.st two with very

diftcrcnt  s]opcs  f rom tlIc  - 1.8 SCCII i~l otlIcr ol>jccts.

Wc ,,o~~ t]]a,t j]) c~l~u]a,~i~]~ ~]IC Inass  of ])ip),-v~]o~iiy  gas  ill OlltflOWS  fI’01)1  (30 spectra

a. sillg]c excitation tmmpcraturc and ol)tical  dcJ)tlI for t}lC CntirC lillc wil% is almost’ always

assu mcd. ‘J ‘his was the case for t,lic t] 1 rcc sou rem for WI I ich ~ was I ncasurcd  by M asso] I &

~hcrllill  (1992). ‘J’llis  ]neans  that  log-lo~  ]Jlots of dA4/dV  vs. V arc directly ccluivakmt  h

log-log; ])lots of the line profile. }’OWCI laws IIavc lmNI fitted to the lil]c willg;s  i]] a m]nl.m

of other sources, including Orion-KIJ  (Kui]m, Rodrip;ucz  Kui]ml & Zuckcr]nan  1978),, Ccl)

A ,  and 111, ‘J’au (l{odrf~um  et al .  1982). ‘J’lIc values of -y vary fro]n  - 1 .2? to - 2.1 ill tlIosc

ol)jccts,  aIId l i ke  ‘J’MC1 aJId ‘J’M~l A, tllc sl)cctrllln  of ori~lll{l~  is Ilot wC1l-lnC)dCICd b’

a si]]r;lc ]xnvcr  law. ‘J’IICSC  rcsu]ts  su~?;cst tllal  a lmvm-  la]v m’it]l  ~ N 1 . 8  s }  Iould ]lot I)c

c.ollsidcrcd  a univcl sal fcatum of yo(l]lf, outflows.



4.5. Gm]mrisoll  with ou t f low modc]s

(kulsidcrablc  olmvwational  cvidcllcc ]Iow’ mists tha t  jets ])lay all il]]]jorta]lt  ro le  i~]

dlivil)g  outlflow~S  (C./’,., IIacllillcr &. &mlicl)aro 1990; lktcllillcr ct a l .  1990; l{icllcr,  IIills,

&  l’admall  1992) .  ‘.l’hcm has bcc]l a comspolldil]g  tlmorctical  ])usll to cxplai]l  lnolccu]ar

ou t f lows  and o])tical  jets i]) kwns d a u])ificxl Imclel, l~ascd  oII tllc c.o]lccpt of a IIip;h-vc]ocity

IIcutIal  jet wllicll drives tlIc outflow  (Stalllcr  1 993; Nflasson IQ? Cllcrni]l  ] 993; l{aga et al.

1993). Wc suggest- tllc  followi~lg  ])ro])crtics  am cxnnmoll features of you]l~; outflows wl)icll

theoretical IIIOCICIS  should try to cxplai]l: 1 ) conical outflow lobes CIOSC to tl]c  star, 2)

cvac.uatcd  outflow cavities, wld  3) lnodcratc 30 45° o~)c)lil]~;  allglcs.

‘J’lic  OUMOW ]noclc]s  fall illt,o  tllc g,cllcral  cdtrgorics  of t]]osc drivcll  by a radial stellar

willcl  (Sl]u ct al. 1991 ), and tl]osc  drivcll  by jets - citllcr  tllmu~;ll shocks (hlassol]  &T, C,llcr]li]l

1 993; lbga d al. 1 993; ILa:;a & CaLrit 1993) or tJIIouglI turbulcl]t  elltrailllnclit  (~antti &.

ltaga  1991; Stal)lcr 1994).

III tlIc  swcl)t-ul> outf low l)roposcd  by SIIU ct al. (1991) and .mlalyzcd by Massoll  &

(.;llcrnill  (1 992) the outflow is clrivcll by a raclial st.cllal  wind  illtc) Lllc surroulldillg,  lncdiu]n,

a]]d tlic sllapc of tllc outflow is dcfillcd  by tl)c  distribution of tl)c  drivillt;  ])rcssurc  and tllc

COIU]J)]]  dcllsil,y of swcl)t-u])  lnatcrial. SIIU CL al .  sllowcd  that tlIc swcj)t-up  IIIodcl could

result, ill t,llc cloIIF;atcd  outflows c.oImI  IOIIly  olmmvcd,  but hlasswl & ~;llcrllil]  argued tliat

for reasonable clistril.mtiolls  of tlm wil]c]  alId  cloud c.orc tl]c  swq)t-ul)  outflow II Iodcl lI:is

l)roljlc]lis  lc~~mducillg  l)lots  o f  II)ass as a ful]ctioll  of vc]ocity. ‘JIIIC cavity ill l,llis  ]J)odcl

i s  f i l l ed  o])ly wit])  IOw’-dcllsity II]atcrial fro]]) tllc stcllii  I w’i]ld. ‘J’lIc SWC])L-U1)  wind II Iodcl

IIaturally  q)mduccs  tll IC c.o]lical  s]lapc, cvacuatcd cav i t y , and II]odcraic  o]mlil)g  all?,l(:

sup,~;cstcd I )y ol.)scrvatliol  Is. 1 IOWCVCI,  to cou IIt(I  tlIc objcctio]ls  raised l~y hfi assoII &, ~;llcnlill

(199?) rquircs a IJcal-sl)llcrical  wind \vitll a IIip,llly fltittclI(d  dclisity  ])rofilc IIcar tllc  s t a r

(,o l)lovidc  tlIc collil]l:itiol].  AltlIou~,lI  lllis  l)icturc  is  l)ossil)l(, tllcrc:  is also tl](:  l~:ss dcsiral]lt:
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dlkd  tlIaL III OICCUIW  b u l l e t s  aIId ol)tical stmllm jets tiIeII lIavc  to bc C.x]dailld by a scqwatc

]]lcclia]iisII].

Wc ]Icxt  collsidm jet-drivml outflow JImclcls,  ill which a IIi$)llly-collil  r-latc(l  llcutral jet.

drives  the outf low ar~cl traldcrs  InoIncmtum  to t}w wnbicnt lncdium tlIrouF;lI sltocks. MassoII

& ~llcmlill  (1 993) treat the earliest stages of jet cvolutionl wlicrc InomcIItuIn is tra)jsfcrrcd

prilnari]y  throup;]j the  leading bow sl]ock, via a higl]-prcxwurc  COCOOII of sl]oc.kcd gass wl)icl)

sweeps up alnbic.llt )na,tc,rial as it cxpa]lds away froIn  ihc jet axis. A thin c.ocooII of swc])t

up gas is idcmiificd  with tl]e  molcxular  OUMOW, ‘J’liis claw of models  producm jets which arc

too narrow, and too young (< J 000 yr), altlloug]i t)]cy cm) produce aJl cvacuatd outflow

c a v i t y  (~llcrnin  ct al. 1994;  C%crnin  & Masso]l  1995).  A difl’crcx)t  ap]moach  was followccl

by l{aga &, &brit (1993), who treat the interaction of tlw bow shock with tllc alnbicJlt

Inc.dium  as a process of turbulmlt  Cmtrailllncllt,  leading to a thick cocoon of turbulent

a ]nbia]t m atcrial.  ltap;a  ct al. (J 993) ] )ro])osc a lnodcl appropriate. to tlm 1 atcr stages of jet

evolution, in which a time-variable jet produces many bow s}locks aloI1g  its lmigth, leading

to a turbulcl]t  cnvclopc. ‘J’l Ic la.ttc.r  models can produce coliical  outflow structure CIOSC to

tllc star, although  the co]lc is still too ]Iarrow  (Iiq;a & ~;abrjt I 993; ILaga CL al. 1993 , ) .

IIowcvcr,  the turbu]cJ1l. m i x i n g  gcllcratcs  a Inost,]y fi]]cd rat]lcr t]lan  cvacuatcd outf]ow

cavity, cwlt rary to obscrvatioJ)s.

AII altcrllativc to shock ac.c.clcratiol]  is a situation WIJCYC tlIc acceleration of jl]olccular

gas is ac)licvcd t]lJ’oug]] steady -sta(,c turbulcqIt  clltraiIIJncl]t of alnbicll{ lnat,crial a]o]lg; t]]c

c.(lp,c of t]]c jet (~a~~to & ]{q;a 1991 ; ~ta]ilm 1 9 9 4 ) .  III t]lc a~la]ysis prmcIItd by ~t,a]]]cr,

wllicll  assull)cd  tljc alnl)icjlt Il)cdiull)  to I)c of ulliforlu  dc.]lsity,  tllc out,flow w o u l d  lIavc a

col)ical st,ruct,urc  at, lo\v vc]ocitics, With tl)c I)if,licsL-  v e l o c i t y  II)olccular ~;as lomt, cd c.]oscst

to {Illc jet axis. 1 IOwcvcr,  tllc.  1 I]odcl ])mdllm!s  a filled ratlIcI  tlial]  c\’acuatcd  outflo]v  cavity.

I II .additiol],  tlIc ]rJodcl  lias difliclll(fy  rccollc.ilillg  obscrvatio]}s  of  s tel lar  jets  witli  tl]ose  of



J nolcmlar  outflows (SCC ]Laga 1994).

Of our tl]rcc co]lstraints,  jd IIIodcls swn al)lc to Cxj)lail) tlic conical  sllalm near {IIC

star giVCII  .3 dm]sity  gradicl]t  (ll~~;a.  &z, {;al)rit  1 9 9 3 ;  l{.af)a cl, al. 1 993),  wllilc  tllc evacuatc~l

cavity  cal) lx produc.cxl  in tlic ]Jloll)clltlll I1-collscl~’illF,  lnocic]s wllicll lllil]imizc  turbulcnd.

clltra.illlncl]t  (CX]crllin  &, MassoII 1 9 9 4 ) .  ‘J’llc  IIJOSt SCVCIC= obscrvatio]lal co]lstraint is tlIc

II Ioclc Iatc 30 45° opclli]l~;  ang;]c, wllicli is vc:ry diflicult for jet JnocIcls  to rc]noducc..  Massoll

& Cllcrl]ill  (I 993) p]oposcd  a walldcrillg jet (0 l)roviclc  Iargcr opcl]illg  al@cs, a ])icturc  latcl

elal~oratcd  as the wanclc;ring clcntist  drill (~,l]cr]li]]  &. Massm] 1995) .  IIowcwcr,  t}lis sccniario

SCWI ns ]ikc] y to prod ucc ] ncssy  outflow strut.tu rcs, rai,llcr  than tllc sylnlnctric  cones  Lllijt

are obscrvcxl  around young  scmrcxx, ILccc]]t  ]IIodcls (Jliro, l{aga,  & ~aJlt6 1 995) ]WCSC]IL  all

all,m]ativc  illl])lclllcl]ta.tioll  of tllc wallclcrillg;  jet llyJ)otJlcsis. ‘J’lwir  2-dilncl\sioJ]al  IIulncrica]

silnu]a,tio]]  ]c,ads to a silluous  j e t ,  wit]) a difl”crcllt  bow sl]ock apparcl)t  at cwcJy S-sliapcd

t,urJl, very uTllikc the strut.turc of observed stc]]ar jets. lhutllcr  IIumcrica]  ]nodclillg  will

bc ]Jccdcd  to dctcrminc whe ther  j e t  lnodels  call rqmoducc  t]Ic lnodcralm  opmling  a,]lg;]cs

ol}scrvcd  towards you Ilg protostars.

4 .6 . Apparen t  acce le ra t ion  alo]lg  tl]c~ ou t f low ax i s

‘J’lm a])])arcl~t acc.clcratiol~ of lnc)lcc.u]ar  IIlatcrial away fro]I) tl]c  cxc.itil]g star has bccII

ohscrvcd  ill a IIulnbf!r  of sources (e.g., NG(: 20’il : Slid]  ct al. 1984; 1,1551: h40riarLy -

Sc]licvm] & SJJCII 1988; Moll 1{2: h4cycrs-lLicc  & IJada 1 9 9 1 ) ,  Ijut  ]]cvcr  LcfoJc 011 tlIc slnall

s(alcs  wc scc for ‘J’h4C;  l mid ‘J’h4(; l A. A ]lu]]]l.j(:]  of II Iodcls  seek to cx])lai]] tl)c ])1 JCIIOIIICIIOII

Mcytrs- l{icc &. 1 ,acla sugg,cst that ‘vc]ocity  - sortillf,; o f  CIII]lll)S  clltrail)cd by a wil)d or jd

Wo{lld result ill tllc fas{cst-lnovij~g  IIlatcrial l)t’iii~,  l o c a t e d  at t,l]c lar~,mt  distallc.c  fIK)III t]Ic

soulcc:?  givillp,  rise to t,llc Ol)scrvcc]  velocity distlil)utiol].
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‘J’lic  jet-cllt]ai~llt~cl)t IIIOCICI provides al] altmlativc  cx])lanatiol]  (Stabler 1994), wl)crc

tlic a]~]mcl)t  accclcratio]l  is a colum])  dc]]s;ty  cfl’cc.t. 1 li@I velocities exist at all radii,  Lul-

tlIc jet will liavc cIItraiIId  IIIOrC ]ilatcrial at la]gcr  clistal)ccs  from tllc source,  briIIgi  IIg its

c]] ’lissjon  j]lto ilIc rail.gc of clckctalility.  ‘J’his  requires the lIiglICXA-velocity Inatcr;al  to bc

loc.atcd along tlIc jet ax; s, and tlIc outflow lohcs to bc filled witlI ]nolccula]  gas. Whi]c t}ic

l~igllcst-velocity c]n;ss;on  is oftc]l also chcrvcd  to bc tl)c IIIOSt collimated (e.g., l{icl]cr ct

al. 19 92), tJ~is  dots not ncc.cssarjly  indicak  that  ihc outflow IIas to bc filled  witlI  molecular

Inatcria];  in projection, a lIollow cone w;]] IIavc its llighcst radial velocities a])parcilt]y  Inorc

c.011 i ]natcd  tlI WI lower-vclocit y gas.

AltlJough tlw n-lax; mum veloc;tics ohscrvcd  in ‘J’M(:l  and ‘J’M~l  A arc relatively low

(~ 30 k~n s-] for all i]lclil)atioll  angle of 60°) tllcy arc close to tlic limit at which  molcc,ulcs

would bc destroyed if the a.ccclcra.tion  lncchallisln  is a ~ion-lnagnctic  shock  (30 50 km s- 1:

MCKCC  &. IIollcmba.c]i  1980). in this case trails-sollic or subsonic clltra;nnlc]lt  either by

a walldcrillg;  jet or by the bow sl]ock lnay bc essmltial  i]) acce le ra t ing  tllc molccula.r  gas

without causing cxccssivc hcatiTlp;, so that  tllc II] OICCUICS  arc IIOL destroyed.

5. (;onc]usio]ls

1 ligl)-resolution i]nagillt;  of tlic co]n]mct  outflows associatc!d  with t,llc  sources ‘J’h4 ~1

and ‘J’h4~l A i]] (X)(]- O) shows t]~at tlIc outflows arc c.ol~ical  dowl] to sc.ales of 1000 A U ,

wit]] tllic  a])cx of t,l Ic colic c.lose to tllc ]~ositioll of tllc ln;llilllctcr collti Iluum sou Ice i]) cacl I

Case. ‘1’lIc dyllalj-]ics of tllc f lows, dctcrlnillcd  froln  (;()(2-  1 ) data, il]dicatc  tJIaL tlIcy arc

l{)v’-llllll;l)ositj~~  vcrs;olls  of tllc  ]l-IOrC mlcrgctic.  o u t f l o w s .  llotlI tlIc IIIOIIICIIt,UIII {IUX and (lie

IIlmllallical  lulninosil, y of tllc flows follow tllc correlation bctw’cc]) tlicsc qualltlitics  and  t)l IC

SOIIIKC I)o]olnctric  ]Uli)jl)osjty  dct,ulllillcd by (;al)rit & IIcrtout, (1 992).  A co]l]l)ariso]l o f

tlllc .1= 2 1 (Irallsitlioll  w’itll  tllc 10 ~ivcs a low’(!l lilllitl  to t,ll(:  Cxcitatioll  i(:]lt])(>]atll]c  ill tll]c



]illC WiJl~ Of ZO ]<, WhiC]J  iS SOIllCW]lat ]li~,]lC!~ t]la.11 t]lC aVC1’aF,C  kIIl]KYatUI’C  Of Il”JC)](!CU]al’

f,as iII LIIC ‘1’aurus cloud  (= 1()  1<) .  ‘J’llis su~,~,csts  LIIat l,lIc IIigll-vdc)city g;as lids kCII IICatlUl

locally, ])crlla])s  by tlic passage of a slid.

‘J’IIc  conical  structure of tl]c  outflows is also a.])])arcllt  ill )Icar-infrared 1) a.lld  A’

ilna~cs, wllicll S]IOW cxtclldcd  IIcar-illfrarcd  clnissioll  coi]lcicknlt  with tllc l~i~ll-velocity

(;0. Qualitiktivc  scattcrillg;  lnodc]s (Wllit]lcy & llart]naJlll  1 9 9 3 )  dcInoIIstIak  Ll]ai lJIc

lol.ms ]nust  k cvacuatcd to Cx])laill  tlic large sJmtial  cxtcl]t  a]ld structure  of the cxtcndcd

lmar-infrared cmissio~]. III addition, tl]c  CXl(2- 1 ) positioll-vc]ocity  diag;ralns  SIIOW fcmturcs

corrcspolldil]g  to tlm front a.lld  back  of a li~nb  Iwightc.ncd  slmll. ‘1’hcsc rcsult,s  for  ‘J’’M~l al)cl

‘J ‘M ~1 A bolstm the results of Kcnyo]l  ct al. (1 9931)) which suggest that  most clnhcddcd

sources llavc  cva,cuat  ccl outflow caviticx.

IIy coln])aring  our I’-V diagralns  and line ])rofi]cs with tlic outflow lJJodcls  of (;abrit  &

]krtout  (1986, ]990) wc co]]strain the i]lc.]illatio]~  of hot]] flows to t]Ic ]inc of sig;]]t to bc

i <70°. ‘1’k inclination can k furtllcr  limited  Ly co~n])aril~g t}w extc]ldcd  i]lfrarcd Mlcctio]]

ncbu]osity  wit}l tJIc h40ntc  Cal 10 scattering  ]nodc]s  of Wl]ih]cy /k ]Iarhnan]l  (1 993),  wllicl)

SLJ~~CSt i ~ 40°. ‘J’his  tcchl]iquc  o f  col]lbillillg  IIcar-infra]cd  and CO obscrvatiol]s  ca~l 1.w

used to dctmminc  il}c]il)a.tic)l]s  toward  ot]lcr c]nbcddcd  ilifrared sources, cs]wcia]]y  t]losc

snowing  conical stmcturc. ‘1’]Ic dc])rojc.ctcd  o]m~ilig  al)glcs  of tllc conical flows ill ‘J’M(;I

aJ]d ‘J’h4Cl  A arc tlICII 30 40°, si]nilar  to tl)osc  ol.mrvcd ill tl]c  ~la.ss O SO~JJCCS  V1,A1 623,

]1335, and ],1448-~  (A]Idr6  ct a]. 19{)();  ~!lal)dlc]  & %rgc]lt 1993;  ]~ac]ii]]cr ct a]. 1995).

‘J ‘akcll togct]lcr, t]lC data  SU~,~CSt t]]at thC fO]]OWiJIF, ])rO])CJ’tiCS al’C! iJ)”J])O1’t):lIl(  fOl

IJllcorctica]  outflow Inodc]s  to cxj)lai  JI, ]la]J]cly  tllai, yOUJlg  outflows IIavc:

1 ) collica] outflow lolw dos(! to tllc St~J’,

2) cvacuatcd outflow c,avi(lics,  aIIcl
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3) l)”lOdCI’Zlt)f!  30 4t)G O]) CJliJIF; aJl~,]C!S.

NOIIC of t]]c C.1JJ’1’CIlt OUtfiOW JJ”IOdC]S Satisfadori]y cx])]aiIIs  the lCSU]tS. A s  fOUJld by

M.assoJt  & CIICIJIiJI  (1 992), ou t f lows  dlivcll  by ]adial stellar w’i]lds CaJIIIOt,  rc]jroducc  tl]c

]iJIC ]) J’Ofi]C Wit]) OIJtI UIllC!aSOllab]~  hi~;]l]~-flattCll C!d C]OUd CC)J’CS. Slxady-stat,c turlmlcnt jet

JIIOCIC]S (~a.JIt6 &? ]~aga ] ~g]; Sta]l)C1’ 1 9 9 4 ) ,  WIICJC  Il]O]CHl]a  J’ p,a,s iS aCCCdC!I’a.tCd t] IJwIJg,]I

tuJbulcJIt cJltraiJIJml)t along tlIc cclgcs  of a coll imated jet ,  ])roducc a conical  sllapc tmt a

fi]]cd rather t}]an  cwacuatcd  cavity. Jet-dJ”ivcJl bow sl]ocks, iJJ w]iich  a bow sl)ock  a.c.cc]c!Jatcs

a.Jnbi(!li L In atcria], i II s o m e  cases can  ]) Joducc cmlic.a] cwac.uatcd out{]ow  caviticsj but fai] to

rcp)oducc the ]argc opcIIi  IIg an~]cs allc] g ive  agm  w]lich aJ’c too you J~g (MassoII  & ~hcrJliJl

1993;  ]{.aga & {;abrit ] 9 9 3 ;  ]bga ct a]. ] 993; (;]lcJ’lliJl  & h~aSSOll ] 995). ]{;xtcllc]illg  t,]tc j e t

IJIOCl  Cl h illcludc a waJldcrillg jet ])rovidcs  a. ] mssiblc way to ])rovidc large o})cmillg aIl,r;lcs

(~]mJ’liiIl  & h~assoJI  ] 995; ]]iJo ct a]. ]995) l)ut  t]lis ])ossihility rc!Inaills  to hc c]cJI]onshatcd.
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‘1’able 2?. outflow  pro]) crtics  corrcckd  for crrcws introduced duc to the lack of a]) o] )acity

correction, l>ascd  011 tlIc modc]s of Cabrit  & 1 kwtoui (1 990).

= : ---- -.--–.. — —_ :. . . . . . ,,-. — . . ———. . . .— ..—  —

Quantity X b!(~Ol.s/J’cO,  ) x.~, Xcor

M  (Mo)

]’ (ME) k m  S-” ])

~“ (Mc) k]n S- 1  y ] ’-  1,

1{ (J)

1. (1,<))

‘J’M Cl ~’h4Cl A ‘J’MCI ‘J’MCIA

-0.80 1.5 XJ0-3 2,4 X10-3  ,9.5 X1O’3 1.5 X10-2

-0.55 2 . 0  X 1 0 - ”2 3 , 1  X 1 0 -2 7.1 x 10-2 1.1 x 10-1

-0.55 8.1 XI O-G 1.8 X10-5  2 .9  X10-S 6.4 xlo-”~

-0.35 3.0 x lo3f’ 4.1 x IOS5 6.7 x I(13S 9.2 x ](F)

-0.60 0.010 0.0)8 0.038 0.0’(2
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IG?;. 1 . -  CIIaJIncl lnaps  of  tlIc G() cmissiol)  fmn ‘.I’MC1.  l,cff: CO(l  - 0) ilnagml  wit}l tJIc

owmis \laJlcy millimctm  array. ‘1’IIc 1,S1{ vclc)city is p,ivcnl at tlIc t o p  rip;llt  IIa]]d COIIICI

of cad]  IJa.l)cl, ilI knl  s-  ‘ . ~oJItours arc s]mccd  at % ilitcrvals of 0 . 3  J y  bca.]l]- ], starLiI]F,

at, 0 . 3  J y  bcwn - 1. ‘J’lIc a s t e r i s k  dcnc)tcs tlIc colitilluuln ]~ositiol] givm] ill ‘J’crcbcy  CL a l .

(]993). ltiglti: CO(2- 1 ) c,nissio,) obtai~,cd  with tl,e JCh4rJ’ plotted to the sa,nc  scale as tl,c

illtcrfcromctm  data,  iII the same  velocity iIItmvals. CoIItouYs are s~)acccl  at 20 intervals of 4

Jy beam- ‘, froln a base ]CVC1 of 4 Jy bcaln’  1.

l“ig. 2.- Same as lbgurc  1, for ‘J’MCI A. l,(fl: CO(I - O) ilnagcd witJI tJIc OwcIIs Valley

~])illimctcr array. CoIIkmrs arc sl)accd at 1 u i~ltcrvals  of 0.4 Jy bcaln’  ], sta.rtillg at the 2U

ICVCI of 0.8 Jy bcaln- 1. ‘J’IIc asterisk is Lhc position of t,l!c continuum source froIn “J’crcbcy ct

al. (1993). l@lLi.:  (X)(2- 1 ) emission J’ro)n tJIc JCh4’J’. CoIltours  arc s])accd at 30 intcrva]s

of (i Jy hca]{)-  ] , starti))g  at G Jy Imaln - ].

Ng. 3.- lnterfcrometm maps of L}IC illtcgratcd  red- and Liuc-slliftccl  ~0(1- O) clnission  froIn

‘J’MCI (Icft) and ‘J’MCI A (ri.gilt), demol)stratill?;  tlm co]lical structure of tJIc outflow 101xs.

‘J’lIc  blue-s]liftcd gas is denoted by tlIc solid coIItours, and tlIc rcd-slliftcd gas is p]ottccl  as

dashed contours .  lb- ‘1’MCI, tlIc Lluc-slliftcd clnission  is tlIc 4.3 kln  s-] (l~,sl~) cllannc],

wit]] contours  s~)accd at 0.3 Jy Lca]n - 1. ‘J’IIc d- slliftcd emission is all avcrag;c of tlIc tlIrcc

c]lallllc]s  at 6.9, 9.5 and ]2. ] km s- 1 , with coIIt,ours 1.50 intervals of 0.13 Jy Imaln  - ], sLartiIl~;

at tllc 30 ICVCI of 0.2G Jy I>cam -1. I{’or ‘J’MCI A, tlIc l~luc-shifted cmissioll  is all avcraF;c of tllc

t,llrcw Cllanllels at - 3.2, - 0.6 aj~d 2.0  kln  s - ‘ (li,sl{),  with  co]it,ours spacxd  at 0 . 4  J y  bcaln  - 1,

starting  at 0.4 Jy bcaln’  ‘, and t]ic rcd-slliftcd  cl]lissiol) is t,])c 7.? kTJ]  s-  1 wit]] coJItours  a s

ill l“ip;ure 2?.

l’ip,. 4 . -  IIltlCr;ratlCd  I)]uc- and rcd-sl~iftml  (;()(2- 1 ) cl]]issiol), overlaid 0]] a grcysca]c  i]na!;c

of t]lc  ]li~,])-vc]oc.  ity gas ilnaF;cd  by L]]c il)tc:l’fcl’c)ll]ctcl’  ill (;()( ~ ()), ‘J’lic vc]ocit,j~  illtcrva]s  for

tlI<  il](,cr,ratioli  a r c  t,l)c saIIlc as ill l“i?;urc 3. (;olltour ICVCIS for tltc ‘J’MC1  blue loljc  arc lIIC



salnc as j]] ]~’jgure I ; CWIItOUJ ICVCIS for  t,]Ic rcd lobe arc at 5CJ iIIkrva]s  of 6 Jy l.jca~l]-  1. 11’01

‘J’h4(;  l A tlIc l)luc co~)tours arc at iIItcrvals  of 8 Jy lXXIIn- ], al)(l tl)c K!(I Contours arc at 30,

37, 40 and 43 Jy bCaIn  - ‘ .

l“ig. 5.- ~pcctra of’ ‘1’MCIA  in CO J= 1- 0 (tllic.k  li~]c)  a]ld 2- 1 (thin lillc).  ‘J’l]c  1- 0 lil]c is

t)]c s]mctmln  obtained fro~]] the NltA() 12-111, WCI Lltc 2-1 is data obtaillcd  usil]p; LIIC JCh4’1’

sInootlIcd  to the same s]mtial rcsolutio]l. ‘1’IIc dotted line is t}Ic ratio of 2-1 /1- O for tlIosc

cllalilmls  where tllc signal-  to-lloisc  ratio ill botli  trzulsitions  was greater tha])  unity.

l’ip;. 6.- l’lot of the flux dcllsity ratio  in tl)c  J=2- 1 and I- O transitio]ls  of co, S’21/S10, as

a ful]ctio]]  of cxcita.tioll  tcm~mraturc  ill IYJ’I’; for various values of tlic J: 1- 0 ol)tica]  dcpt]l.

No solutions arc possib]c for the line ratio i)] tlIc region  above the optically-tllin  limit. ‘J’hc

dottccl  lillc SIIOWS the line ratio  mc:asurcd frcnn the N]{AC) l’2-m/JCM’J’  data for  ‘J’h4Cl  A,

ancl tlIc solid c,irclc is the value obtailmd o]] Inucli slnallcr  scales from tlic J~M”J’ and t,hc

(hmns Valley il]t,crfcromctcr lncasurclncllt,s.

l“if,. 7.- ~ontouI plots of tllc IIcar-illfral  cd  Clnissioli  frmn ‘1’h4Cl  (to]))  and ‘J’h!lCIA

(bo t tom)  overlaid o,) grcyscalc i,nagcs of tl)c il]i,cgratccl  higbvclocity ~0 c]nissio~) SIIOIVI, i])

l“i~)urc  3. 011 tl}c lcf’t  for cacll source is tllc 11 (1.6 11111)  c.o)ltilluuln,  and OII t,lIc right  is tllc 1<

(2.2 ,LIII)  c.ol}ti])uuI*l. ‘J’IIc f l ux  dcvlsitics  l)avc  l~ccII IlorJnalizcd  to LIIC ])liot,olI]ctry  IIlcasurccl

I)y l<cl)yol]  ct a l .  (19931)),  and coIItour ]CVClS  arc lo~,alitllInic.  at il]tcrva]s of :[ ] .[)’l (,illlcs

~.”( lLJy al’ CSC!C- 2 (’1’h4~l, 11-ba~ld),  3 . 1  ,IJy arcscc- 2 (’J’h4Cl, K-ba]]d),  4.1 /IJy arcscc- ?

(’J1hJ(;l  A, 11-ba],d),  a,,d 8.4 /,Jy arcscc.- z (’11h4(;lA,  A’-hw,cl),  w},crc ,, = 0,1,2,3 . . .

l:ip,. 8.- l’loi o f  t}lc probability  o f  difl~:rc’l)t outflo\\ ~;colllctrics  oc.curil):  f o r  difl’crcl]t,

(olnl)illai,ions  o f  il]clillatiol)  allfjc, 2, altd s(’llli-()])[:lliIl~,  al]r,lc, O,,,aX. ‘J’1 IC 8COI nctrics for

( ;ascs 1 ,  2, 3 ,  al]d 4 arc dcfillcd  l.)y Cabrit  Jk ]Icrt,oul  ( ]  {)86),  aIId .31c dcscriljcd ili t,])(:

t(xt. ‘J’IIc l)rol)al)ility  o f  olmxvillc  a l)articu]al  illclillat,ioll  for IaIId OIIIly  orjclitcd  out, f]o\vs  i s
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])1’oportiol)al  to 1  -  Cos i. ‘1’lIe iwo lines Inarkcd ‘1’hfl~l aIId ‘.l’hl(~l A SIIOW tlIc solution of

c(luat,ioli z foI dl,l<)j z 2(]0 (r1’h4 (~] ) a.lld  O1,l<,j  ~ 2.2° (rJ’h4Cl A ) .

l’ig.  9.- l ’ o s i t i o l l - v e l o c i t y  diagralils  fro])] tlIc 8-clla~ll]cl  avcrag;cd JCh4’1’ C0(2-  1 ) data,

ohtainccl  along tlm outf]ow axis for cacll  source. CoIItouIs arc equally spaced at 4 Jy beam- ]

for ‘J’hlCl, a]ld 6 Jy bcam- ] for ‘J’MCI A. ‘J’IIc do&clas]I  ]illcs iIl cac]i diagraIn dcJIotc features

which cOIIcspolIcJ  to tlIc front ancl back side of cacll  lobe. S]mctra avcragcxl ovcJ tlIc who]c

I-nap]) ccl field with the full s])cctral resolution of tlIc JCMrl’ data arc prcscmtcd at t]Ic bottom

of each plot,  with solid vcrtica] ]incs s}]owing  the systcIJIic  1S1/. vc]ocity of ihc cloud i]] cac]l

C.asc.

Fig. 10.- l’lots of mass as a function of velocity for tlic rcd 10Lc of ‘I’M Cl (Icft) a]]d the

I)luc lobe of ‘1’MC1 A (right). 1~ is t]Ic systemic velocity of cac]l source (i.e., 5.5 kIn s- ] for

‘J’hfl Cl, and 6.4 km s- ] for ‘I’hfl  Cl A). A power-law fit to t}Ic full data set, dA4/dV  w Vy,

is slIown as tllc solid line in cacll  cam. ‘J ‘wo-c.oI  I~poI Icnl, ])owcr-law  fits arc al so disp] aycd as

dotimi  lillcs.
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IOg. 7a: “l’MC] outflow+} 1 IJig. 7[): ‘J’MC 1 outflow+ K

25 °41’15”

6’ 00”
%
u
(j 40’’45”
5

30”’

.>

Q

1 r. . . . .

Q?
1 I --- -.-I..-I-.I .._-I. . . . ..J. * .--I  I I I

0 4] ]3 8 ’ ” 1 0 ! 0  9?0 8:0 7?()

25 °36’15”

s 00”
z
u

~ 35’45”

30”

I w .. J.-  J-_.. _l_-_._L-  l__.. I 1 1

10!0 9!0 8!0 7:0
R.A. (1 950)

Fig. 7c: ‘l’MC] A outflow+] I ]iig. 7d: ‘J’MCI A outflowi-K
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